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ABSTRACT
The mechanism of dixanthogen adsorption was studied 
with micro-flotation experiments, zeta potential measure­
ments, surface collector adsorption determinations, and 
solution potential measurements. It x*ras found that sul­
fur must exist at the mineral surface "before dixanthogen 
will adsorb. All sulfides studied were effectively float­
ed with diethyl dixanthogen; but carbonate, sulfate, and 
oxide minerals could not be effectively floated with any 
concentration of dixanthogen,
Dixanthogen adsorbs on the sulfide surface. It is 
held to the surface by dixanthogen sulfur-sulfur bonding 
which reacts with the surface sulfur, possibly making a 
three-membered sulfur chain. If the solution potential 
is such that the related metal xanthate is more stable 
than the dixanthogen, the dixanthogen is reduced, and a 
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A recent study carried out at the Colorado School of 
Mines on the pyrite-xanthate system revealed that an oxida­
tion product of xanthate, dixanthogen, was the collecting
(1,2)species responsible for the flotation of pyrite , The
study, although conclusive relative to the species adsorbed, 
did not reveal the mechanism by which the dixanthogen is ad­
sorbed, Since interest in xanthate-sulfide flotation systems 
has been revived in the past few years, a study of the mech­
anism of dixanthogen adsorption could contribute greatly to 
the understanding of sulfide flotation. The investigation 
reported in this thesis was therefore undertaken.
Statement of Problem 
The problem can best be defined by the questions that 
need to be answered regarding dixanthogen flotation systems.
1. Since it has been shown that dixanthogen will float py­
rite, can it effectively float any other sulfide miner­
als?
2. Will dixanthogen float nonsulfide minerals?
3* Is dixanthogen adsorbed through a coulomb!c attraction
due to its polarity and a charged surface?
1
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4. How much dixanthogen is necessary to effect a significant 
flotation response?
5* Does it need to be present as an oil or as an aqueous 
neutral molecule in order to adsorb?
6. Does its adsorption involve the formation of some metal- 
dixanthogen complex molecule?
7. Must sulfur be available at the surface to allow dixan­
thogen to adsorb?
8. Is dixanthogen reduced back to xanthate ion in aqueous 
solution, allowing the adsorption of the ion rather than 
of dixanthogen?
9. Is the adsorption process dependent upon the state of 
oxidation of the system?
Answers to these questions were sought by employing the
following methods and techniques*
Solution of Problem 
The basic tools used in the solution of this problem
were:
1. a study of the flotation behavior of some sulfide, car­
bonate, sulfate, and oxide minerals by the use of micro­
flotation techniques;
2* a study of the zeta potentials of some of these minerals 
with a commercial electrophoresis unit called a Zeta- 
Meter;
3* a study of the adsorbed collector on the mineral surface 
with a (Perkin Elmer) Grating Infrared Spectrophotometer,
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and;
4. a study of the solution potentials generated hy the flo­
tation systems by using a platinum electrode referenced 
against a saturated calomel electrode.
Review of Literature 
The existence of dixanthogen in flotation circuits and 
its effect on sulfide flotation processes has been recognized
(3.M (3)for many years . Taggart stated that, for dixanthogen
to be able to adsorb, it must be in the presence of xanthate
(5)ion. Poling and Leja believe that dixanthogen is the only
xanthate species that can penetrate the electrical double 
layer of galena and chalcocite. They further believe that, 
once it has penetrated, it is reduced back to the xanthate 
ion to form stable metal xanthates that cause the noted flo­
tation response. Probably some of the most useful work ac­
complished in the use of infrared spectrophotometry as ap­
plied to sulfide systems has come from these Investigators.(6 )
Greenler has also studied xanthate adsorption cn galena.
He concluded from his investigation that lead ethyl xanthate 
was the xanthate species on the galena surface. He also no­
ticed lead sulfate, lead sulfite, and lead carbonate on the 
surface.
Other than the investigators previously mentioned, the 
literature is completely void of any studies specifically 
related to dixanthogen adsorption. A number of investigators 
have recognized the presence of dixanthogen, but they do not
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present any data relative to its adsorption properties. Of
( 7 )this group, Coleman and Powell believe that the dixantho­
gen formed in the copper activation of sphalerite is physical-(8)
ly adsorbed. Gamboa, Llopis, and Hernandes in a radio-
metric study of copper sulfide flotation suggest that it ad-
( 9 )sorbs chemically. Rao and Patell claim that chalcopyrite 
can be floated with dixanthogen and that pyrite cannot. This
observation of the pyrite system is directly opposed to that
(2 ) (10) 
seen by Fuerstenau, Kuhn, and Elgillani . Galikov re­
ports that galena can be floated with butyl dixanthate where-
(i das cerussite cannot. Plaksin and Shafesv , and Fleming (12)
and Kitchener studied the flotation properties of galena
(13,1^,15) 1
with both xanthate and dixanthogen. Abramov has
shown that dixanthogen is a very effective flotation reagent
for the copper sulfide minerals and for pyrite. He believes
that the dixanthogen is physically adsorbed. Wright and 
(16)
Prosser precipitated dixanthogen, cuprous xanthate, and 
cupric sulfide on the surface of chrysocolla. They did not 
present any data on the mechanism of dixanthogen adsorption.
Of the investigations noted, none was specifically conducted 
to determine why, where, or how dixanthogen adsorbed. The 
conflicting conclusions drawn from the above investigations 
indicate that present knowledge of dixanthogen adsorption is 
confused and uncertain.
During the progress of this investigation, a consider­
able amount of infrared data was collected, The bulk of the
T-121^
data is presented and discussed in this thesis. The remain­
der is not presented since it was considered to be repeti­
tious and did not help clarify the discussion. Even with 
this omission the discussion of the infrared data is somewhat 
long, since it must be considered in detail. Therefore many 
of the concepts that evolved from the infrared work are sum­
marized relative to the other experimental results in the 
discussion of the solution potential measurements.
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MATERIALS. EQUIPMENT, AMD PROCEDURES
The minerals and reagents used in this investigation 
were of as high a quality as possible, thus avoiding exces­
sive interactions with ions foreign to the systems that were 
under consideration. The minerals used were purchased from 
Minerals Unlimited, Berkeley, California, and the chemical 
reagents were of reagent grade quality. The potassium bro­
mide used in the infrared portion of the study was of infra­
red grade quality. Table 1 includes the minerals used in 
this investigation and their respective origins,
TABLE 1: Minerals studied in this investigation.
Mineral Name Chemical Formula Origin
Kellog, Idaho
Kelly Mine, New Mexico
Roxbury, Connecticut
Emma Mine, Butte Silver 
Boco Co., Montana





















The solution of the problem required the use of four 
different experimental techniques, namely (i) flotation ex­
periments utilizing both the microflotation cell and the Hal- 
limond tube cell, (ii) zeta potential measurements, which 
were conducted with a Zeta-Meter (manufactured by Zeta Meter, 
Inc.), (iii) surface collector adsorption determinations 
using a Perkin Elmer Model 521 Grating Infrared Spectropho­
tometer, and (iv) solution potential measurements made with 
a Beckman Zeromatic pH meter. Discussion of the equipment 
and procedures employed in the investigation will be in the 
same order as above.
Flotation Experiments
Two diffei'ent types of microflotation equipment were 
used in the investigation. The flotation of all of the car­
bonate minerals was conducted in a micro-flotation cell, 
which was also used in the flotation of some of the sulfides 
and for hematite. All of the sulfide minerals were floated 
in a Hallimond tube; sulfidized and unsulfidized anglesite 
was also floated with this apparatus.
FeS2 Rico, Colorado






This piece of equipment and its use have been described
(17)previously by M. C. Fuerstenau . In general the flotation 
cell is a section of a 15C~cc Buechner funnel that has been 
modified with a lip to allow froth collection. The coarse 
glass frit in the bottom allows easy flow of the gas that
enters the bottom of the cell. A microscope slide was used
to remove the froth that accumulated on the water surface.
The gas used in all of the flotation experiments was nitro­
gen; it was introduced from a tank of purified nitrogen 
through a saturated solution of KOH and then through Ascarite
to achieve CO2 removal. The cell volume was 130 cc. During
the flotation tests nitrogen throughput was maintained con­
stant at 100 cc In a period of 1 minute, A schematic of this 
apparatus is shown in Figure 1. In order to achieve adequate 
mixing of the solids, the solution was agitated with a poly­
ethylene-coated magnetic bar, the speed of which was control­
led by a magnetic stirrer.
The following procedures were used in all of the micro­
flotation experiments.
1. All minerals were hand-ground with a mortar and pestle;
; the sulfide minerals were ground just prior to the flo­
tation tests.
2. The ground material was passed through a set of Tyler 
















Figure 1: Schematic diagram of micro-flotation apparatus.
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3. The feed to the flotation cell consisted of 2.5 grams of 
this sized material.
To a 200-ml beaker, 130 cc of conductivity water were 
added.
5. The desired pH of this solution was then achieved through
the addition of either HC1 or KOH.
6. The dixanthogen oil was added in a solution of n-ainyl
alcohol to achieve the required collector addition.
7. The prepared feed sample was deslimed in conductivity 
water.
8. The deslimed feed then was added to the prepared flota­
tion solution and conditioned, for 5 minutes.
9. After conditioning, the pH of the pulp was recorded.
This pH will be referred to as the flotation pH.
10. The pulp was then transferred to the micro-flotation cell 
for* flotation.
11. 100 cc of nitrogen were passed through the cell in a pe­
riod of 1 minute.
12. The froth was collected by removing it with a microscope
slide. The solids in the froth were then dried, weighed, 
and termed the concentrate of the flotation process.
13. The pH of the remaining pulp was then checked to insure 
that the experiment was representative of the flotation 
pH.
14. The solids in this pulp were dried and weighed and termed 
the flotation tailing product.
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15. From the weights of concentrate and tailing products, the 
percent recovery of the mineral was determined.
Halllmond Tube Cell
(18,19)A modified Hallimond tube cell was also used to
investigate flotation response of the sulfide minerals.
Since the Hallimond tube does not require the concentrate to 
be removed in a stable froth, flotation tests could be car­
ried out with no frother present: thus frother-surface inter­
actions were eliminated.
The gas-inlet system used with the Hallimond tube was 
exactly the same as that previously described for the micro­
flotation unit. Most of the sample preparation and flotation 
with this equipment was the same as that previously described. 
The variations from the micro-flotation procedure were as 
follows.
1. The feed weight for each test was reduced from 2.5 grams 
to 1 gram.
2. An aqueous dixanthogen solution was prepared by agitating 
dixanthogen oil in a 2500-cc flask for 1 hour, allowing 
the oil to settle out of the solution and extracting, 
with a pipette, the desired volume of aqueous dixanthogen 
solution. Special care was taken to ensure that no di­
xanthogen oil was removed from the flask with the solu­
tion. The concentration of dixanthogen was then deter­
mined by the limit of its solubility in the aqueous me-
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dium . The pH of this stock solution was 5.6.
3. After the desired pH value had been obtained with HC1 or 
KOH, 170 cc of this solution was used to condition the 
mineral.
50 cc of nitrogen were passed through the cell in a pe­
riod of 30 seconds to achieve the flotation response.
Zeta Potential Measurements 
The sign of the surface charge was determined with a 
Zeta Meter. The minus-100-mesh material produced in the dry 
grinding of the mineral for flotation testing was used as the 
sample for the zeta potential determinations. A schematic 
representation of the zeta potential is given in Figures 2a 
and 2b. The precedure followed in these measurements was 
the same for all the mineral systems investigated.
1 . 1 gram of minus-200-mesh material was added to 150 cc of 
conductivity water.
2. The pH was adjusted to the desired value with HC1 or KOH.
3. Dixanthogen oil was added to the pulp in a n-amyl alcohol
solution to achieve the desired reagent addition.
The mineral was conditioned for 5 minutes by agitation 
with the magnetic stirrer.
5. After conditioning, the pulp was allowed to settle for 5
minutes to obtain the necessary particle size, from 5 to
10 microns.
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7. The pulp was then decanted and this suspension of fine 
particles was used for the zeta potential measurement.
8 . After the direction of movement and the speed of the par 
tide were determined, the magnification of the micro™ 
scope and the cell voltage could be used to determine 
both the electrophoretic mobility and the zeta potential 
of the mineral. These values can either be calculated 
or obtained from graphs included in the Zeta-Meter in­
struction manual.
Sxurface Collector Adsorption Determinations 
A Perkin Elmer Model 521 Grating Infrared Spectropho­
tometer was used to determine the adsorbed collector species 
on the mineral surface at varing pH values. Pyrite, sphal­
erite, galena, chalcocite, chalcopyrite, and siderite were 
analyzed in this manner. 'Spectra were also obtained for di­
xanthogen, zinc ethyl xanthate, lead ethyl xanthate, cuprous 
ethyl xanthate, ferrous carbonate, lead carbonate, and zinc 
carbonate. A description of the sample preparation follows. 
A detailed account of the operation of the spectrophotometer 
will not be included, but can be found in the Perkin Elmer 
instruction manual. No quantitative type determinations ofo 
adsorbed collector were attempted in this investigation.
All of the samples were conditioned and centrifuged in 
the same way, but thereafter variations in the sample prep­
aration were necessary. Each variation will be discussed 
separately. The general procedure of conditioning and cen-
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trifuging was as follows:
1. The mineral was dry-ground, in a motor-driven mortar and 
pestal for 3 hours,
2. To 200 cc of conductivity water, 0.^ grams of the ground 
material were added, and the pH was adjusted to the de­
sired value with HG1 or KOH,
3. Diethyl dixanthogen in the pure oil form was added from 
a hypodermic syringe to effect a total solution availa­
bility of 2.17 X 10“^ mole per liter. By this it is 
meant that if all the diethyl dixanthogen could dissolve 
in the aqueous phase, its concentration would be 2 . 1 7 X 
10-** mole per liter.
4. The pulp was conditioned for 30 minutes to allow for ad­
equate collector adsorption.
5. After conditioning, the pulp was allowed to settle for 5
minutes, and a 50-cc aliquot of the pulp was removed with
a pipette. Again, care was taken to insure that no dixan­
thogen oil was removed either from the bottom or from the 
top of the beaker.
6. This aliquot was then centrifuged to concentrate the fine 
particles from the suspension.
7. Three different methods were then used to prepare the 
sample for infrared analysis.
i) One set of samples was prepared simply by allowing 
the centrifuged solids to dry at room temperature in the 
atmosphere for 12 hours. A potassium bromide pellet was
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then made with these dried solids. Pellets were prepared 
with solids that had been contacted with diethyl dixan­
thogen, as well as with solids that had not been contacted 
with the collector. The reference beam sample counter­
balanced the reflection and absorption of infrared radi­
ation due to the mineral itself. This technique was
found to be far superior to the Nujol mull technique used
(1 )in a previous investigation . The mineral weight and 
the weight of potassium bromide used to prepare the pel­
lets varied from mineral to mineral. The weight of the 
mineral or compound and the weight of potassium bromide 
used in each pellet are listed in Table 2.
TABLE 2: Composition of pellets used in the infrared analysis.
Mineral or Compound Wt. of Mineral (mg) Wt. KBr
pyrite 1 . 0 0 .25
sphalerite 4.0 0 .20
galena 2 . 0 0 .20
chalcocite 2 . 0 0 .2 0
dialco pyrit e 1 . 0 0 .20
siderite 1 . 0 0 .20
cerussite 1 . 0 0 .20
sini thsonite 1 . 0 0 .20
potassium ethyl xanthate 1 . 0 0 . 20
lead ethyl xanthate 1 . 0 0 .20
zinc ethyl xanthate ■1 . 0 0 .20
cuprous ethyl xanthate' 1 . 0 ' 0 .20
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In all cases the pellets were prepared in an identical 
manner* First, the appropriate amount of KBr was mixed with 
the mineral sample to allow for the desired pellet composi­
tion. Then the mineral and KBr were ground in an agate mor­
tar and pestle until a uniform, consistency was achieved (ac­
tually very little grinding of the mineral occurred since 
its initial particle size was so small). The desired total 
amount of the pellet was then weighed out, and the pellet 
was compressed at 20,000 psi for 5 minutes under a vacuum*
ii) The second method of handling the centrifuged ma­
terial was to dry the solids as well as possible in the cen­
trifuge tube, with a tissue, to add the damp solids to the 
KBr, and then to grind in the agate mortar and pestal. In 
this set of experiments, ^ pellets of differing consistency 
were prepared for the reference sample* The sample beam pel­
let was then visually compared with the reference pellets to 
best choose the appropriate reference consistency for the in­
frared analysis. The same procedure as previously described 
was used in the pressing of the wet pellets. All of the wet 
pellets weighed 0*2 grams, but the weight of the mineral var­
ied.
iii) In the study of the pyrite system, an attempt 'was 
made to reduce the rates of the surface reactions after the 
solids had been removed from the pulp* This reduction was 
accomplished by freezing the contrifuged solids immediately 
after decanting the solution* A mixture of acetone and dry
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ice was prepared, and the bottom of the centrifuge tube, con­
taining the wet solids, was immersed in this mixture. The 
average temperature of the acetone in which the tubes were 
immersed was about minus 25° C. The same procedure as de­
scribed in (ii) was used to make the KBr pellets for both 
the sample and reference beams.
Solution Potential Measurements 
Solution potential measurements were made under the same 
experimental conditions as those used in the flotation and 
infrared sample preparations. These were made by measuring 
the solution potential with a platinum electrode referenced 
to a saturated calomel electrode. A Beckman Zeromatic pH 
meter was used to make the measurements. The platinum elec­
trode was cleaned with emery paper, and the calomel electrode 
was filled with a saturated potassium chloride solution. To 
establish the validity of the solution potential measure­
ments, the electrodes were checked against a 0.333 mole per 
liter potassium ferrocyanide, 0.333 mole per liter potassium 
ferricyanide, and a 0 .10 mole per liter potassium chloride
solution. The solution potential generated by this system
(21)
has been reported to be 0.^3 volt at 25° C by ZoBell 




All of the collectors and compounds prepared were made
from reagent grade materials. The spectrum of each compound
was made, and its identification was confirmed by comparing
(22)
this spectrum against those reported in the literature 
Xanthates
Potassium ethyl xanthate was prepared in the usual rnan-
(23)ner as described by Foster . All of the metal xanthates 
were precipitated from aqueous solutions containing their re­
spective ions in excess of their solubility products.
Dixanthogen
The diethyl dixanthogen was synthesized by titrating a 
potassium ethyl xanthate solution with an aqueous iodine so­
lution. The iodine oxidized the xanthate to dixanthogen by 
the following reaction.
2R0CS2K + 12 = (R0CSa)2 + 2KI (1)
Once the solubility of aqueous diethyl dixanthogen has 
been surpassed, the dixanthogen begins to appear as an oil 
in the aqueous solution. This dixanthogen oil was extracted 
from the water phase by contacting it with ethyl ether and 
then separating the ether phase from the aqueous phase. The 
ether was then vaporized away from the pure dixanthogen by 
heating,. The remaining dixanthogen oil was then used as the 
collector in the systems investigated.
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EXPERIMENTAL RESULTS
Since four different sets of experiments were conducted 
during the progress of the investigation, results will be 
presented in the following four sections; flotation experi­
ments, zeta potential measurements, surface-collector ad­
sorption determinations, and solution potential measurements.
Flotation Experiments 
The flotation response of the following minerals to 
diethyl dixanthogen was investigated; galena, sphalerite, 
pyrite, chalcocite, chalcopyrite, cerussite, smithsonite, 
siderite, rhodochrosite, anglesite, and hematite. The flo­
tation response of the sulfide minerals to diethyl dixantho­
gen will be presented first, the carbonate minerals second, 
anglesite third, hematite fourth, and the sulfidized cerus­
site and anglesite last. All of the flotation response 
curves for the sulfide minerals were obtained from the H a m ­
mond tube cell.
Sulfide Mlnerals
The flotation response of galena to diethyl dixanthogen 



































































galena system is exactly the same as that noted in all of 
the other sulfide systems* The flotation medium was an aque­
ous diethyl dixanthogen (diethyl dixanthogen will be repre­
sented as (SX)2 ) solution in which the (EX)2 (aq) concentra­
tion is the same as its solubility, about 2 X 10“5 mole per 
liter* As can be seen from the figure, the galena recovery 
was 100 percent from pH ^ to pH 10. In the acid region flo­
tation decreased to 20 percent at pH 1*0, and in the basic 
region galena depression began at about pH 10* Due to the 
method of achieving the desired dixanthogen concentration, 
the volume of water used was too great to allow pH values of 
12*3 and above to be reached.
The flotation response of sphalerite to diethyl dixan­
thogen, Figure k , differed greatly from that of galena. At 
no pH value was 100 percent sphalerite flotation recovery 
noted* Its maximum response occurred at about pH 6 with a 
recovery of about 85 percent. On both the acid and alkaline 
sides of pH 6 , the flotation recovery diminished.
Pyrite flotation recovery with 2 X 10~5 mole per liter 
diethyl dixanthogen is shown in Figure 5. Pyrite responds 
well from below pH 1 to pH A, where recovery starts to fall 
off. It decreases to about pH 6.5* where there appears to 
be an arrest at about 70 percent. The response remains rel­
atively constant up to pH ?. 5» where it again decreases, 
reaching a minimum recovery at pH. 11* Another series of ex­
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thate as the collector at an addition of 2 X 10~^ mole per 
liter.
The sulfides floated in this investigation were all dry- 
ground immediately prior to the flotation test to avoid ex­
cess surface oxidation. In this series of tests, however, 
the mineral was deslimed with conductivity water and allowed 
to dry before the experiment was conducted. The response of 
the altered pyrite surface is shown in Figure 6. A flotation 
recovery of 100 percent was achieved up to pH 6, where the 
recovery dropped very steeply to about 10 percent at pH 8.
The effect of diethyl dixanthogen in the chalcocite sys­
tem is noted in Figure 7» Chalcocite floats very well (100 
percent) from pH 1 to pH 8. At about pH 8 the recovery di­
minishes until pH 9*5, where a minimum recovery is noted of 
about 85 percent. The recovery then increases to another 
maximum of 98 percent at pH 10.6 and then decreases again to 
the minimum recorded for the system of 60 percent at pH 12.2.
The last sulfide considered in the investigation was 
chalcopyrite. Its flotation response is seen in Figure 8. 
Flotation recovery of 100 percent can be noted with 2 X 10”-' 
mole per liter diethyl dixanthogen from pH 1 to pH 10.5* 
where it drops off to the minumum recorded of 36 percent at 
pH 12.1.
Carbon a t e Mlnera1s
The flotation response of four carbonate minerals ‘with 
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this investigation. These minerals were cerusslte, smithson- 
ite, rhodochrosite, and siderite, the carbonate minerals of 
lead, zinc, manganese, and iron respectively.
The flotation recoveries of the first three are shown in 
Figure 9. These carbonate minerals exhibit negligible flo­
tation responses with 2 X 10”^ mole per liter diethyl dixan­
thogen. The fourth carbonate studied, siderite, shows a flo­
tation response different from those of the first three.
This response is noted in Figure 10. A small region of flo­
tation occurs at about pH 6, with 2 X 10~^ mole per liter 
diethyl dixanthogen. The maximum flotation recovery is about 
35 percent. With an excess of dixanthogen oil in the system, 
the response was increased to only about ^0 percent recovery. 
Since the solubility of the dixanthogen is about 2 X 1 0~5 
mole per liter, any oil added in excess of this amount will 
remain in the system as oil. To see if an increased amount 
of collector available to the system would alter the flota­
tion response, siderite was floated at pH 6.0 with different 
amounts of collector, Figure 11. The increased additions of 
dixanthogen had no apparent effect on the recovery obtained 
other than to diminish the recovery upon addition of an e- 
quivalent amount over 12 X 10~^ mole per liter collector. 
Smithsonite, rhodochrosite, and siderite were floated from 
a micro-flotation cell, whereas cerussite was floated from 
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Sulfate Minerals
The only sulfate mineral Investigated was anglesite.
As Figure 12 shows, negligible flotation recovery was noted 
in this system. The anglesite was floated in a Hallimond 
tube cell.
Oxide Minerals
Hematite was the only oxide mineral floated with diethyl 
dixanthogen. A maximum flotation response of 36 percent is 
seen at about pH 8, Figure 13* Increased collector additions 
had the same effect in this system as that noted previously 
for slderite, Figure 11.
Sulfidlzed Minerals
The flotation characteristics of sulfidlzed cerussite 
and anglesite with diethyl dixanthogen were also studied.
The minerals were sulfIdlzed by agitating them in conductiv­
ity water at the natural pH of the system, about pH 6 * k for 
both, and adding a predetermined amount of sodium sulfide 
solution. The cerussite was sulfidlzed with a 5 X 10~5 mole 
per liter sodium sulfide addition, the anglesite with a 
5 X 10“^ mole per liter addition. Figure 1^ shows the effect 
of two different additions diethyl dixanthogen on sulfidized 
cerussite. With an addition of 2 X 10*”̂  mole per liter di­
xanthogen, a maximum response of about 70 percent recovery 
is noticed at pH 7.2. Negligible recovery is evident at pH 
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mole per liter) 100-percent recovery was obtained from pH
6.8 to pH 9*2. Below pH 6.8 the flotation recovery decreased 
to 85 percent at pH 5.5t and above pH 9.2 the response de­
creased rapidly to 0-percent recovery at about pH 11.
Sulfidized anglesite did not float as readily as the 
cerussite, even at a higher sodium sulfide addition, Figure
15. In this system the highest recovery noted was about 50 
percent at pH 6.5. In the more acidic region, negligible 
response was obtained at about pH 5» &nd in the more basic 
pH range, 0-percent flotation recovery is shown at about pH 
9.5.
A series of experiments in which the dixanthogen addi­
tion was increased, similar to that previously described 
using siderite, was conducted on sulfidized cerussite, Figure
16. In this system, however, the flotation response increased 
markedly with increased dixanthogen addition from about 7 to 
95 percent recovery. Another set of experiments was conducted 
wherein the dixanthogen addition was maintained constant, but 
the degree of surface sulfidization was increased. This in­
creased surface sulfidization is represented by the amount
of sodium sulfide available for sulfidization. Figure 17 
shows the effect of increased surface sulfidization. The re­
covery was Increased from about 20 to 95 percent with a 
10,000-fold increase In available sodium sulfide.
ioo
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Zeta Potential Measurements 
The charge on the surface of a mineral immersed in-wa­
ter can often help explain the nature of collector adsorp­
tion. Therefore, to understand better these adsorption proc­
esses, the zeta potentials of several selected minerals were 
determined.
Slderlte
Zeta potential measurements of siderite in conductivity 
water at various pH values are shown in Figure 18. Also 
shown are the measured potentials of a siderite-diethyl di­
xanthogen (2 X 1 0 “ 5  mole per liter addition)-water system.
In both cases the zero-point-of-charge (zpc) of the mineral 
appears to be at about pH 5-9.
Smithsonlte
The zero-point-of- charge of smithsonite in conductivity 
water was found to be at pH 4,7. This zpc was not altered 
when 2 X 10“-5 mole per liter diethyl dixanthogen was added to 
the system (Figure 19).
Rhpdoohrosite
The zpc of the rhodochrosite-water system was determined 
to be pH 7.4, Figure 20.
Surface Collector Adsorption Determinations 
The adsorption of dixanthogen on the five previously 
mentioned sulfide minerals and siderite was investigated by
T-121
-3-tH
0 X -P w



































































an infrared technique. The spectra of the samples prepared 
will not be presented in this section but are shown in Appen­
dix I. The absorption bands of interest will be listed in 
table form in this section to facilitate easy reference to 
all spectra.
Figures 1A through 36A contain the infrared spectra that 
will be referred to throughout the remainder of the text.
All of the spectra except those of the compounds were made 
differentially. The reference pellet was prepared exactly 
the same as was the sample pellet, except that no collector 
was in the system. These spectra can be grouped as follows 
in Table 3* (see pp. ^6-^8).
Group IA
The group IA materials are purified xanthate compounds 
used for reference purposes to help identify the xanthate 
species adsorbed on the mineral surfaces. The characteristic 
absorption bands of these compounds are shown in Table 4.
The strong bands of primary interest are designated with an 
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Group 13
The group IB materials comprise infrared spectra of the 
carbonate minerals of primary interest. Figures 7 A and 8A
contain the spectra of cerussite (PbCO^), smithsonite (ZnCO^), 
and siderite (FeCO^). These reference spectra were made to 
help in the identification of possible carbonate compounds 
that may be present on the surfaces of the sulfide minerals 
investigated. The characteristic frequencies of these min­
erals are presented in Table 5.
TABLE 5: Infrared absorption bands of lead, zinc, and
ferrous carbonates, (frequency in cm"l)






This group contains the spectra obtained from sphalerite 
contacted with an equivalent of 2 ,17 X 10“^mole per liter 
diethyl dixanthogen at various pH values, Figures 9A through 
l6A. These xvere prepared by reacting the powdered sphalerite 
with dixanthogen, allowing the solids to settle to achieve 







sized particles from the suspension, and allowing the solids 
to dry. For easy reference, samples prepared in this manner 
will be referred to as dry pellets. Table 6 contains the 
frequencies characteristic of the absorbed collector at var­
ious pH values.
TABLE 6 : Infrared absorption bands of diethyl dixanthogen
adsorbed on sphalerite at various pH values. (dry 
pellets-frequency cm”* )





11*45 11*4-6 11*4-6 11*4-6 11*4-5
1112 1112 1112 111*4 1112
1033 1033 1031 1037 1033
Sphalerite was also investigated by using a slightly 
different technique from that previously described. The only 
difference in this method is that the centrifuged solids were 
not allowed to dry before the KBr pellets were prepared. Di­
rectly after the solids were centrifuged and the water de­
canted, the pellets were prepared by using these wet solids. 
These will be referred to as wet pellets. Table 7 contains 
the absorbed frequencies characteristic of the sphalerite 
surface at several different pH values.
T -1 2 1 4 53
TABLE 7: Infrared absorption bands of diethyl dixanthogen
adsorbed on sphalerite at various pH values. (wet 
pellets-frequency cm“l )


























The spectra included in group III, Figures 17A through 
22A, show the absorption bands associated with diethyl dixan­
thogen adsorbed on the surface of powdered galena. As in 
group II, the group III spectra included both the wet and dry 
type samples. Table 8 contains the spectra obtained by the 
dry technique at four different pH values, and Table 9 the 
spectra obtained by the wet technique.
TABLE 8: Infrared absorption frequencies of diethyl dixan­
thogen adsorbed on galena at various pH values.
(dry pellets-frequency cm"*)
pH 3.5 pH 5.0 pH 6.0 pH 8.0
2 .17 X 10"** M I X  10“3 M
1255
1192 1192 1192 1192
1106 1106 1081 1105 1103
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TABLE 9 ! Infrared absorption frequencies of diethyl dixan­
thogen adsorbed on galena at various pH values, 
(wet pellets-frequency cm"V)

























The spectra of group IV include diethyl dixanthogen ad­
sorbed on chalcocite. Figures 23A through 26A include the 
samples prepared by both the wet and dry methods. Table 10 
contains the spectral data characteristic of the dry sample 
preparation and Table 11 of the wet method.
TABLE 10: Infrared absorption frequencies of diethyl dixan­
thogen adsorbed on chalcocite at various pH val­
ues. (dry pellets-frequency cm“l )
pH 3.5 pH 5.0 pH 6.0
1190 1188 1190 
1116 1117 1119 
1030 1030 1030 
1002 1002 1002
TABLE 11: Infrared absorption frequencies of diethyl dixan­
thogen adsorbed on chalcocite at pH 4.0. (wet 
pellet-frequency cm"*)





4 1 8 .2 362 .3 339
415.8 359.7 335 .6
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Group V
Figures 27A through 31A contain the infrared spectra ob­
tained from dixanthogen adsorption in the chaleopyrite system 
by the use of both the dry and the wet techniques. Table 12 
contains the spectral data obtained from the dry method and 
Table 13 from the wet.
TABLE 12: Infrared absorption frequencies of diethyl dixan­
thogen adsorbed on chaleopyrite at various pH val­
ues. (dry pellets-frequency cm"1 )







TABLE 13s Infrared absorption frequencies of diethyl dixan­
thogen adsorbed on chaleopyrite at various pH val*
ues. (wet pellets-frequency cm"’-1)










pH 3.5 pH 8.0
1019. 999. 424.2, 421.8, 
408.3, 387. 385.5, 382.2 
375.2, 371.2, 353.6, 348
Group VI
The infrared spectra included in group VI, Figures 32A 
through 3^A» are of the powdered pyrite reacted at pH 3*5 
for various time periods with potassium ethyl xanthate. One 
spectrum in this group is of pyrite alone. Table I k  contains 
the characteristic frequencies of the pyrite and xanthate sj s-  
tem and of the pure pyrite.
TABLE I k ; Infrared absorption frequencies of 2 X 10“3 mole 
per liter potassium ethyl xanthate reacted with 
pyrite at pH 3*5 for various periods of time and 
of unreacted pyrite. (wet p e11e t s-fre quency cm~l)













Table t k  f,contM
1 minute . 5 minutes 30 minutes unreacted
37^






The spectra shorn in Figures 35-̂  a'hd 36A are for slder- 
ite reacted with diethyl dixanthogen at pH 6.0. This sample 
was prepared by the dry method. Table 15 includes the re­
corded absorption frequencies for this system.
TABLE 15s Infrared absorption frequencies of diethyl dixan­
thogen adsorbed on siderite at pH 6.0. (dry pel­
let -frequency era”1 )




1020 M l . 2 375.5
99^ 39M 8 357 ,6
Solution Potential Measurements 
Oxidation potentials of the sulfide systems with and 
without dixanthogen present were measured concurrently with
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pH measurements during the preparation of both the infrared 
and flotation samples. The following tables show the Eh val­
ues recorded for the given systems.
TABLE 16: Oxidation potentials and pH values of sphalerite
for flotation tests (2 X 10“5 mole per liter 
diethyl dixanthogen), for infrared tests (2.17 X 








3.5 +0.344 3.5 +0.344
4.4 +0.304
5.2 +0.333 5.0 +0.358 5.0 +0.358
6.0 +0.354 6.0 +0.344
6 .5 +O .323
7.0 +0.281 ?.0 +0.284 7.0 +0.284
8.0 +0.274 8.0 +0 .259 8.0 +0.264




TABLE 1 7 i Oxidation potentials and pH values of galena for 
flotation tests (2 X 10~5 mole per liter diethyl 
dixanthogen), for infrared tests (2 .1 7 X 10  ̂





Eh pH Eh pH Eh
1.1 + 0.334
2.1 4-0 .329
3.1 4-0.288 3.5 +0.270 3.5 4-0.337
3.9 +0.252
5-3 +O .252 5 .0 +O .252 5 .0 +0.254
6.3 +0.247 6 .0 +0,242 6 .0 +0.240
7 .6 +O .236
9 .0 +0 .219
7 .0 +0.228 7 .0 +0.234
8 .0 +0.172 8 .0 +0.164





TABLE 18: Oxidation potentials and pH values of chalcocite
for flotation tests (2 X 10~5 mole per liter
diethyl dixanthogen), for infrared tests (2.17 X




pH Eh PH Eh pH Eh
1.0 40.404
2,53 40.462 „
3.1- -4-0. 424 3.5 +0.417 3.5 4-0.408
4.0 40.414
4.1 -4- 0.444
5-3 4*0 0 434 5.0 4-0»4 09 5.0 40.405
6 .0 40.425 6.0 +0.410. 6, 0 40.404
7*0 4-0.406 7.0 4"0.443 7.0 40.425










TABLE 19: Oxidation potentials and pH values of ehalcopyrite
for flotation tests (2 X 10“5 mole per liter di­
ethyl dixanthogen), for infrared tests (2 .1 7 X 










pH Eh pH Eh pH Eh
1 .1 +0.445
2.35 +0.446
3*5 +0.448 3.5 +0.454 3*5 +0.454
4 .2 7 +0.432
5.0 +0.394 5.0 +0.412
6 .0  +0 .299 6 . 0 +0.321
7,0 + 0,274 7 .0 +0.303
8.0 +0.254 8.0 +0.279
9 .2 5 +0.244 9 .5 +0.214 9 .5 +0 .206
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TABLE 20: Oxidation potentials and pH values of pyrite for
flotation tests (2 X 10~5 mole per liter diethyl 
dixanthogen), for infrared tests (2.17 X 10 - mole 



























































The dixanthogen species studied in this investigation 
was diethyl dixanthogen. The choice of diethyl dixanthogen 
rather than some other of a differing alkyl group was made 
for several reasons. First, since the dixanthogen might re­
vert to the xanthate ion, the stability of the different met­
al xanthates involved had to be considered. The solubility 
products of the common metal ethyl xanthates are the most 
suitable for this type of investigation since the ferrous 
and zinc ethyl xanthates are too soluble to effect a notice­
able flotation response, whereas the cuprous and lead ethyl 
xanthates are relatively stable. Therefore, if pyrite and 
sphalerite can be floated from an aqueous medium, the xan- 
thate species most probably would be dixanthogen, as distinct 
from the metal xanthate. The successful flotation of galena, 
cbaleocite, or chalcopyrite does not necessarly indicate that 
either the dixanthogen or the metal xanthate is responsible 
for the hydrophobicity of the mineral surface.
Dixanthogen is an oxidation product of xanthate; this 
oxidation can be represented by the reaction shown in Equa­
tion 1. Ethyl xanthate is represented as EX and diethyl 
d .1 xan t ho gen a s (EX) 2 . -
65
T-121^ 66
(2*)2EX“ = (SX)2 + 2e“ E° = +0.126+0.015 volt (1)
A molecular view of this oxidation is given in Equation
2 .
K H /S- H H /S~S H H
2(H-6-6-0-C. ) = H-C-C-0-C. .C-O-C-C-H + 2e- (2)A A 5 H A  %  S* H A
As can be seen from the equation, the oxidation entails 
the release of one electron from each of the xanthate ions 
and the formation of a sulfur-sulfur bond. Several investi­
gators who have studied these compounds and the possibility 
of resonance between the carbon double bond sulfur and the 
carbon single bond sulfur, as suspected by Gaudin, have
found that apparently no resonance exists in the metal xan-
(25,26,27,28,29)thates or in dixanthogan
Pure dixanthogen itself is an oil, the preparation of 
which has been described previously. The physical state of 
the dixanthogen when it adsorbs must also be determined, so 
that the mechanism of its adsorption can be better understood. 
Two possibilities exist for the state of the dixanthogen up­
on adsorption. It can either adsorb as the pure oil, or it
(20)
can adsorb as an aqueous species. Pomianowski studied
the properties of dixanthogen in a water environment and 
found that pure dixanthogen oil in conductivity water will 
dissolve to an average equilibrium aqueous dixanthogen con­
centration of about 2 X 10~-5 raole per liter. This dissolu­
tion can be represented by the following equation.
(EX)2 (0h  ) + H20 = (EX)2(aq) + H20 (3)
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In either case, dixanthogen oil or aqueous dixanthogen, the 
adsorption process would entail an uncharged organic or neu­
tral organic molecule adsorbing on a mineral surface. From 
the structural formula of diethyl dixanthogen presented in 
Equation 2, it seems reasonable to conclude that the dixan­
thogen molecule is probably not very polar because of the 
perfect symmetry of the molecule. This conclusion is rein­
forced by the fact that the dixanthogen, during preparation, 
is readily dissolved in weakly polar ethyl ether, and rela­
tively insoluble water.
Due to the relatively low solubility of diethyl dixan- 
thogen In conductivity water, the method used to obtain a 
desired concentration in solution then becomes important.
Three methods are available for achieving a dixanthogen con­
centration; the first is by dissolving a known amount of di­
xanthogen in amyl alcohol and making additions of this solu­
tion, the second is the addition of a certain volume of di­
xanthogen oil, and the third is by adding the oil to a large 
volume of water and allowing the oil to come into equilibrium 
with aqueous dixanthogen and then assuming the. concentration 
of dixanthogen to be its solubility. All three methods were 
used in this investigation. The advantages and disadvantages 
of the methods will be noted during the development of the 
discussion.
In discussing the results obtained in this investigation, 
five basic questions will be answered, namely: (i) what par-
ticular characteristic property must the mineral possess to 
he rendered floatable by dixanthogen; (11) on what sites does 
the dixanthogen adsorb on the mineral; (iii) what sites on 
the dixanthogen are involved in the adsorption process; (iv) 
how is the adsorption or attachment achieved, and (v) are 
any further reactions occurring after the initial adsorption? 
In order to arrive at answers to these questions, the results 
will be discussed in the following sequence: flotation ex­
periments and zeta potential measurements, surface collector 
adsorption determinations, and solution potential measure­
ments.
Flotation Experiments 
The flotation experiments will be discussed relative to 
the type of mineral floated. The sulfide minerals will be 
the first considered, then the carbonate minerals, sulfate 
minerals, oxide minerals, and sulfidized minerals. Zeta po­
tential measurements and concepts vrill be integrated into the 
flotation discussion.
Sulfide Minerals
The flotation response of five different sulfide miner­
als was investigated with dixanthogen. Figures 3* 5» 7»
and 8 show the results of these experiments. The sample prep­
aration of all five sulfide minerals was the same as was the 
method of achieving a diethyl dixanthogen concentration. In 
order to avoid atmospheric surface oxidation of the sulfide
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minerals as much as possible, the flotation samples were dry
ground immediately prior to the flotation tests* As was
(1)
shown in a previous investigation , the state of oxidation 
of the sulfide surface can noticeably alter the flotation re­
sponse. For these flotation experiments the third method 
mentioned for achieving a dixanthogen concentration was used 
primarily to determine whether or not the aqueous dixantho­
gen species or the oil would adsorb.
Galena- Figure 3 shows the flotation response of galena 
with 2 X 10~5 mole per liter aqueous diethyl dixanthogen.
Three interesting observations can be made from this flotation 
curve. The first is that galena can be readily floated with 
this concentration of diethyl dixanthogen; the second is 
the deviation of flotation response with dixanthogen in acid
(29)medium from that reported by Diaz with ethyl xanthate;
and the third is the deviation of response in basic medium
from that of the galena-xanthate system.
The increased flotation response in acid medium can be
attributed to the greater solubility of dixanthogen below pH 2
(30)
as compared with that of xanthate. Little and Le,ja have 
shown that in acid media xanthate decomposes into its primary 
alcohol and carbon disulfide, but dixanthogen is stable down 
to pH 1.0. This xanthate decomposition is evident at pH 2.0. 
It can easily be detected from the odor emitted. The aqueous 
dixanthogen solutions prepared then could be easily checked 
to see if xanthate or dixanthogen were in solution by simply
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decreasing the pH to 1.0 and checking for the characteristic 
odor of xanthate decomposition. From qualitative checks of 
this nature, it was concluded that the kinetics involved in 
the reversibility of the xanthate-dixanthogen couple were 
sufficiently slow to allow the use of an aqueous dixanthogen 
solution. The extended region of flotation in basic medium 
with dixanthogen, compared to the range over which xanthate 
is effective, is discussed in detail later.
Sphalerite- The flotation response of sphalerite with 
2 X 10~^ mole per liter diethyl dixanthogen, Figure 4, shows 
that sphalerite can be floated with diethyl dixanthogen as 
the collecting species. This noted response is much greater 
than can be achieved with a comparable concentration of po~
(1, 29, 31)ta,ssium ethyl xanthate . From this fact it appears
that, in the sphalerite system, the xanthate-dixanthogen 
couple is irreversible and that the neutral aqueous dixantho­
gen molecule is in fact adsorbing on the mineral surface and 
causing the noted response.
(i)
Pyrite- As was shown by Kuhn and Fuerstenau, Kuhn,
(2 )
and Elgillani , dixanthogen is the xanthate species that 
adsorbs on pyrite. Figure 5 shows the flotation response of 
pyrite with 2 X 1CT-5 mole per liter diethyl dixanthogen., A- 
gain the excellent flotation response at pH 1.0 can be attrib­
uted to dixanthogen rather than to xanthate. Another inter­
esting facet of the pyrite response is that the approximate 
shape and range of this curve compares well with the response
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of pyrite at a similar concentration of potassium ethyl xan­
thate, This fact supports the use of the solubility of dixan­
thogen in the determination of its concentration and also 
suggests that the state of the adsorbing dixanthogen is prob­
ably aqueous,
Chaleocite and Chalcopyrite- Figures 7 and 8 show the 
flotation response of chalcocite and chalcopyrite to 2 X 10“-5 
mole per liter diethyl dixanthogen. Both float completely 
in the very acidic regions, again because of the stability 
of the adsorbed dixanthogen in acidic medium. This fact a- 
gain suggests adsorption of dixanthogen rather than of xan­
thate.
Observations- All of the flotation tests discussed so 
far were conducted by using the Hallimond tube cell. Flo­
tation experiments were also carried out on those minerals 
by using the micro-flotation apparatus. These results are 
not included, since they were so similar that they would be 
repetitious and would add nothing to the development. The 
only deviation noted was in the sphalerite system, where it 
is believed that the addition of frother, necessary for the 
micro-flotation tests, enhanced the flotation response of 
the mineral.
The most obvious conclusions that can be made from the 
flotation tests on the sulfide minerals can be summarized as 
follows:
1 . diethyl dixanthogen will adsorb onto all the sulfide min-
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erals investigated;
2 . In most cases a sulfide mineral can be floated well in 
either acid or basic media;
3 . the flotation response of sphalerite is not as good as 
those of the other sulfide systems.
Carbonate Minerals
The flotation results observed in the sulfide systems 
are not very helpful in understanding the function of the 
metal ion in the dixanthogen adsorption process. In order 
to ascertain whether or not sulfur must be present to effect 
flotation, the response of some carbonate and oxide minerals 
were investigated. If the metal ion is the essential compo­
nent of the mineral that caused the adsorption process, the 
carbonate and oxide minerals should be floatable to a cer­
tain extent with diethyl dixanthogen.
Cerussite, Smithsonite. and Rhodochrosite- In Figure 9 
the flotation response of three carbonate minerals with 2 X 
1 0 “5 mole per liter diethyl dixanthogen is shown. The min­
erals are cerusslte, smithsonite, and rhodochrosite. In all 
three flotation systems, the carbonate minerals are not 
floated with diethyl dixanthogen. Since no flotation occur­
red, the obvious conclusion would be that no collector was 
adsorbed on the surface of any of the minerals.
The possibility does exist that some dixanthogen was 
adsorbed but not in a great enough quantity to effect flo­
tation. There are several possible explanations for this
T-121^ 73
negligible surface coverage. The first is that the mineral 
surface does not possess a surface charge that can enhance 1 
the adsorption process due to a possible polar nature of di­
xanthogen. Another is that the adsorption process requires 
the presence of surface sulfur. If this is the case, then 
the carbonate minerals would not be expected to respond to 
dixanthogen as a collector. Also it may be that the stabil­
ity of the surfaces involved is so low that adsorption does 
occur but that the dixanthogen cannot stay at the surface 
because the surface is dissolving too rapidly.
The fact that dixanthogen cannot effect any flotation 
response from cerussite or smithsonite but can from their 
sulfide counterparts suggests that the cations or metal ions 
of the minerals are probably not complexing with dixanthogen. 
Two types of complexes can be envisioned: an actual met-
al-ion-dixanthogen complex, or a complex formed by the reduc­
tion of dixanthogen to xanthate and the subsequent formation 
of the well-known lead or zinc ethyl xanthates. From the 
flotation response noted, both possibilities appear to be re­
mote. In order to understand better the effect of dixantho­
gen in the carbonate systems, siderite was investigated.
Siderlte- This ferrous carbonate mineral provides not 
only the opportunity to study a fairly stable carbonate sur­
face but also to investigate a system capable of producing 
dixanthogen from xanthate. In the presence of either ferric 
ion or ferric hydroxide, xanthate will be oxidized to dixan-
T-3L214
(2)
thogen . The flotation response curve for this system, 
Figure 10, shows a deviation from that previously shown in 
the other carbonate systems. This mineral can be floated 
with a maximum recovery of 40 percent at pH 6 . Both on the 
acid and base sides of pH 6 , the recovery drops off to.es­
sentially zero. Figure 11 shows the flotation response of 
siderite at pH 6.0 as a function of the amount of dixanthogen 
available In the system. Increased flotation response cannot 
be achieved by increasing the collector addition. The ques­
tion of why this mineral floats only at pH 6 can be answered 
from the zeta potential measurements on the system.
The zeta potential of siderite is shown in Figure 18 as 
a function of pH. The zpc of siderite in conductivity water 
is pH 5.9. Dixanthogen does not appear to alter the zeta po­
tential of siderite when it is available to the system.
Since dixanthogen has no apparent effect, it seems log­
ical to assume that it is not specifically adsorbed. With 
this fact in mind, it appears most probable that dixanthogen 
is adsorbing on the siderite in a physical manner. A small 
change in free energy would be expected for this adsorption 
process since probably only van der Waals bond_s are involved. 
The reason for this is that the nonpolar or zero-charged, sur­
face would provide a neutral dixanthogen molecule with a neu­
tral environment as opposed to a polar water environment.
The question now arises—  Why do not the other carbon-
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ate minerals respond to diethyl dixanthogen? Figures 19 and 
2 0  show the measured zeta potentials of smithsonite and rho­
dochrosite as a function of pH. The zpc of smithsonite ap­
pears to be at pH A.7 and of rhodochrosite at pH 7*^. Addi- 
(32)
son found the zpc of cerussite to be at pH 8.0. A pos­
sible explanation for the absence of flotation response in 
the other carbonate systems may be that their surfaces are 
more unstable. A measure of surface stability can be indi­
cated by a mineral1s relative solubility. Equations A through 
7 show these solubility products.
m  (33)ZnCOq = Zn+ + CO3 K = 2 X IQ”10 (k)
4-4- ~  11 (33)IGiCOq ~ Mn + CO3 K = 8 . 8  X 1CT1 1 (5)
- 11 <33)FeCO. = Fe + CO3 K 2.11 X 1CT1 1 (6 )
4-4- ( 3 3 )PbC03 = Pb + C0‘3 K *= I.50 X 1 0 - 5  (7 )
From these relative solubilities it can be seen that the 
zinc and manganese carbonates are probably more soluble than 
the ferrous, but the lead carbonate is the most stable of the 
four. It is therefore probable that smithsonite and rhodo­
chrosite do not provide a stable enough surface for dixantho­
gen adsorption, but another explanation must be found for the 
lead system. From the shape of the zeta curve for cerussite, 
it is evident that the surface charge approches and departs 
from the zpc very abruptly with increasing pH; except at the 
zpc, the surface, therefore, has a substantial surface charge. 
This would offer a very restricted pH range in which the ad­
sorption process could occur.
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Observations- Several important observations can be made 
by correlating the flotation behavior of the carbonate miner­
als to that of the sulfide minerals.
1. The metal ion of the sulfide mineral probably does 
not form a stable complex with dixanthogen causing 
collector adsorption.
2. The carbonate minerals cannot be floated with diethyl 
dixanthogen whereas their sulfide counterparts can*
3. If a carbonate mineral has a stable enough surface* 
dixanthogen can adsorb physically at or near the 
zpc due to probably van der V/aals attractions*
The dixanthogen does not adsorb on any mineral due 
to dipolar-polar interactions between the neutral 
organic molecule and the charged mineral surface.
5. It is probable that surface sulfur sites must be a- 
vailable for dixanthogen to adsorb onto a mineral.
Sulfate Minerals
Since diethyl dixanthogen successfully adsorbs on the 
sulfide minerals and not on the carbonate minerals, it may 
be that an oxidized sulfur surface is necessary to allow di­
xanthogen adsorption. This possibility was investigated by 
studying the flotation response of anglesite (PbSO^) with di­
ethyl dixanthogen. The results of this segment of the in­
vestigation are shown in Figure 12. Anglesite can not be 
floated with diethyl dixanthogen as the collector. This neg­
ligible response could be attributed to the high solubility
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of the mineral. This solubility is shown in Equation 8.
PbSOij. = Pb++ + S05 K = 1.3 X 10"8 (8)*U)
From the fact that galena can he floated with dixantho­
gen and anglesite cannot, it appears most likely that the 
presence of surface sulfate does not enter into the mechan­
ism of adsorption of dixanthogen* This observation is, how-0 2 )
ever, complicated by the fact that Addison could not ef­
fect a flotation response from anglesite with 1 X 10-5 mole 
per liter potassium ethyl xanthate addition.
Oxide Minerals
In order to study further the effects of surface stabil­
ity and the effect of the metal ion on dixanthogen adsorption, 
the flotation response of hematite was investigated* The re­
sults are presented in Figure 13. Hematite shows negligible 
flotation response in the acid pH region. This behavior, 
when compared to the maximum flotation response of pyrite in 
this pH range, Figure 5» again indicates that the presence 
of the iron is not essential for the dixanthogen to adsorb. 
Some flotation is noted in the range of pH 7 to pH 9- By 
drawing an analogy with the previously discussed siderite 
flotation, it appears likely that the zpc of this hematite 
Is about pH 8. The flotation behavior of hematite then lends 
more support to the conclusion that available surface sulfur 
is necessary for dixanthogen adsorption. This point was fur­
ther investigated by observing the flotation response of sul- 
fidized cerussite and anglesite.
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Sulfidized Minerals
Both cerussite and anglesite can be floated with diethyl 
dixanthogen if their surfaces have been silfIdized, Figures 
14 and 15* Figure 16 shows the flotation response of sulfi- 
dized cerussite as a function of diethyl dixanthogen addition 
at pH 6.6 By comparing this flotation response to that re­
corded in the siderite system one can draw two conclusions 
about dixanthogen adsorption, namely, (i) that the mechanism 
involved in the two systems appears to be different, and (ii) 
that surface sulfur is probably necessary for dixanthogen ad­
sorption. Figure 17 shows the effect of the amount of surface 
sulfur on flotation of sulfidized cerussite with a constant 
dixanthogen addition. This increased flotation response with 
surface sulfidization more strongly suggests that surface 
sulfur is indeed a necessary ingredient in the dixanthogen 
adsorption process.
Zeta potential measurements on the sulfide minerals were
not made since most are available from other sources. The
(1 ,2 )
zpc of pyrite has been reported to be at pH 6.0 ; sphal-
(31)erite is also about pH 6 ; chalcocite apparently has two
(3*0zpc’s, one at pH 5*8 and another at pH 7*7 ; and galena1 s
(29)zpc has been reported at pH 6.5 
Observations
Combining the facts that the sulfide minerals float 
both above and below their zpcfs and that the carbonate, sul­
fate and oxide minerals either do not float or float only at
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their zpc*s, it seems apparent that the adsorption of dixan­
thogen cannot be correlated with surface charge. This then 
seems to rule out the possibility of dixanthogen adsorbing 
because of any coulombic attraction between a charged surface 
and the neutral dixanthogen molecule. The flotation experi­
ments and the zeta potential measurements them seem to indi­
cate that dixanthogen adsorption is linked to the presence 
of surface sulfur rather than either a coulombic attraction 
or metal ion complexing with dixanthogen.
Surface Collector Adsorption Determinations 
The infrared spectrophotometer has proved to be an ex­
cellent tool to determine which collector species are ad-
(1,2,5,6,7)
sorbed on a mineral surface . Even though the sul­
fide minerals studied in this investigation are opaque to 
infrared radiation, it is still possible to observe and iden­
tify the collector that has adsorbed. The basic technique 
involved in the identification of the collecting species is 
the comparison of the spectrum of the surface compound with 
spectra of pure compounds that could be forming in the system. 
It should also be possible to get a qualitative idea of the 
bonding that may be taking place between the surface and the 
collecting species by observing the perturbations of the ab­
sorptions due to particular covalent bonds in the collector1s 
spectrum. For instance, if the wave length of absorbed ra­
diation of a bond increases, the energy of that bond has de­
creased. If the wavelength decreases, the energy of the bond
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has increased. Since dixanthogen is a neutral covalent mol­
ecule, a possible means of investigating the sites involved 
in its adsorption would be through the use of the infrared 
spectrophotometer. The structural formula of the diethyl 
dixanthogen molecule indicates two probable active sites for 
adsorption:
H H vS-S , H H
H-C-t-O-C. C-0-C--C-HI t  V* 4 I tH H S S' H E
Probably the most reactive sites on the molecule would 
be the sulfur-sulfur* site or a carbon double-bond sulfur 
site. If either of the sites is involved in the adsorption 
process, it may be possible to determine which by locating 
the absorbed infrared wave length of these particular bonds 
in both the pure and adsorbed compound. Before the approach 
that has been described can be taken, an identification and
assignment of the bands in the dixanthogen spectrum must be
made. The bonds of primary importance that must be considered 
are the carbon double bond sulfur, the carbon-oxygen-carbon 
linkage, and the sulfur-single-bond sulfur.
Assignments in the Dixanthogen Spectrum
Table A contains the bands of absorbed radiation char­
acteristic of the infrared spectrum of diethyl dixanthogen. 
The absorbed frequencies of the greatest intensities occur 
at 1260, 1 2 3 6, 110^, and 1019 cm”^. The absorbed frequencies 
of the greatest intensities occurring in this spectrum compare 
very favorably with those previously shown in the literature.
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Assignments of the bonds associated with these frequencies 
have been the subject of some controversy in the literature.
C-O-C and C-S Assignments
(22,25)
Little, Poling, and Leja assigned the bands at
1020-1070 cm"I -to the C-S stretching mode and at 1200 and 
1110-1140 cm-1 to the stretching vibrations of the C-O-C 
linkage. These assignments are for the metal xanthates, not 
dixanthogens. For the dixanthogens the C-O-C group has shift­
ed from 1200 to about 1250 ■cm-”!, whereas the C-S remains in
the 1000-1070 cm-1 region. In opposition to these, Shankar-.
(26)
anarayana and Patel assigned the bands in the region of
1140-1265 cm-1 to the C=S group and the bands in the 1010- 
1080 cm-1 region to the C-O-C group.
In a study of transition metal xanthates, Watt and Me-
(35)Cormick avoided the assignment of the C=S vibrational
mode. Instead, they assigned the bands in the 1000 to 1070
cm-1 to CHg and CH^ groups. They did, however, assign bands
in the 1250 cm-1 region to the C-O-C linkage. Mukai, Waka-
(36)
matsu, and Ichidate assigned the band occurring at 1010
cm to the C=S stretching and the bands at 1105 and 1200 cm-1 
to C-O-C modes in the spectrum of lead ethyl xanthate. In 
1 9 6 5* Shankaranarayana and Patel, while studying derivatives 
of xanthic acid, reversed their conclusions and assigned the 
bands at 1022-1090 cm-1 to the C=S stretching mode. The re­
gions given include spectra of potassium amyl xanthate, zinc
(28)
amyl-xanthate, and diamyl dixanthogen
In discussing the infrared spectra involved in this in­
vestigation, the bands in the 1100-1260 region will be con­
sidered to represent the C-O-C linkage and bands in the 1000- 
1060 cm"* region the C-S stretching mode.
It is believed that Watt and McCormick are most likely 
in error in their assignment of the 10*12 cm“  ̂ band to a methyl 
rocking motion In nickel methyl xanthate. This band in the 
1020-1050 cm~l region is strong to very strong in all of the 
xanthate and dixanthogen spectra. If this methyl assignment 
Is correct, then a comparison between zinc amyl xanthate and 
diamyl dixanthogen should show this band at almost exactly 
the same frequency, because the methyl group would be 7 chem­
ical bonds away from the sulfur that reacts. A shift of 
1 (1)24 cm”"1 in this band is noted for the comparison mentioned
above. A shift of this nature would seem reasonable if the 
band were C=S since it is only 2 chemical bonds away from the 
attachment, This assignment could be a more positive one if 
associated compounds without a C-S bond were studied.
Molecular Structure of Xanthates
To further complicate the issue of the C-O-C and C=S 
assignments, a disagreement presently exists between investi-
( Wgators about the structure of the metal xanthates. Gaudin 
visualizes the xanthate ion as:
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(22,25)
Little, Poling, and Leja ; Shankara-narayana, and
(26,28) (36)
Patel ; Mucai, Wakamatsu, and Ichidate : and Green-
(6)
lsr believe that the structure of a divalent metal xan-
thate is as follows:
^ S - Metal - S ^
R - 0-C . ^ C-0 - R
s s
(37) (35)Coucouvanis, and Fackler ; and Watt and McCormick
postulate a structure as follows for a divalent metal xan- 
thate:
S ^
R - 0 - C Metal / 2S ^
Watt and McCormick also state that a structure of the fol­
lowing nature may partially contribute to the overall struc­
ture of the metal xanthate:
M ̂  C - 0 .
\ s  ^/2.3
These latter formulations of the metal xanthate struc­
ture are questionable. In an X-ray analysis, Hagihara and
(27)
Yamashita have determined the crystallographic structure 
of lead ethyl xanthate. Their concluded structure includes 
bond lengths and angles for the C = S of the xanthate struc­
ture. They also conclude that the lead xanthate molecules 
of the xanthate single crystal are, in part, held together 
by van der Waals forces between double bonded sulfur atoms. 
Therefore it is believed that the structure shown which in­
cludes carbon double bonded sulfurs, is probably more correct
Little, Poling, and Leja , in discussing the bands 
located in the region of 2 0 0 - 6 0 0  cm-*-, stated that they could 
make no definite assignments relative to the S~S stretching 
vibration. They ascribed the bands at 830 to 8 7 0  cm-*- to a 
C-S asymmetric stretching mode. A more complete analysis of 
the bands in the 200-1000 cm-*- region was ms.de by Watt and
(35)McCormick . In the transition metal xanthates studied,
they assigned bands around 5^0-6?0 cm~*- to C-S stretching
frequencies, *4-50-460 cnr**- to C-Q-C linkage, and 330-360 cm-*-
to metal sulfur vibrational modes. Since they did not study
dixanthogens, no reference was made to possible assignments
of the S-S bond.
(38)
Bellamy states that the S-S stretching mode should
be a weak band in the range of 400-500 cm"*-. From the spectra 
of the xanthates and dixanthogen alone, it is difficult to 
make an assignment for the S-S stretching mode. A clue to 
the location of the S-S band can be found from Table 13* un­
reacted pyrite. Since pyrite is a ferrous disulfide and the 
two sulfides are covalently bonded to each other, the infra­
red spectrum for pyrite should show a S-S bond as well as a 
band for the metal-sulfur bond. A very intense band at 
423 cm"**- is evident, Figure 35-̂ » with a moderately intense 
band at 348 cm"*. Two weak bands appear at 293 und 260 cm"*-. 
By comparing these- bands with the spectra of the common metal 
xanthates and dixanthogen in Table 3* it appears that the S-S
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stretching mode of diethyl dixanthogen may be located at 
423 cm“l. Table 21 shows the tentative assignments of the 
bands in the region of 300-500 cm~l.
TABLE 21: The vibrational assignments for absorption bands
(cm“M  in the infrared spectra of the metal, ethyl 
xanthates, diethyl dixanthogen, and pyrite,




Since the pyrite spectrum has another intense band at 
348 cm“̂ , the band located at 379 in the dixanthogen
spectrum may be associated with the S-S bonding. This bond 
at 348 in the pyrite spectrum may be associated with
the Fe«S bond rather than with the S~S; as a result, no as­
signment on the 379 cm“  ̂ band can be made.
Sulfide Minerals
All of the sulfide minerals which were floated were in­
vestigated by use of a differential infrared technique.
These minerals are sphalerite, galena, chalcocite, chalcopy- 
rite, and pyrite.
Sphalerite- The infrared absorption experiments con­
ducted in this investigation will be discussed for the most
445 443 451 452 C-O-C
423 S-S
364
348 326 344 348 Metal-S
293 309 313
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part in terms of the xanthate compound present at a mineral 
surface. It was found that the particular xanthate species 
at the surface was not only a function of the mineral system 
but also a function of the sample preparation. For example, 
in the sphalerite system, samples prepared by reacting the 
mineral with dixanthogen for 30 minutes and allowing the cen­
trifuged solids to dry in the atmosphere showed different 
spectra from the samples prepared by making the KBr pellet 
with undried solids. Figures through 12A show the spectra 
of the dried samples. Table 6 includes a listing of the ab­
sorption bands of the sphalerite surface prepared in this 
manner at five different pH values.
The primary bands associated with diethyl dixanthogen, 
Table 4, are 1260,1236, 1147, 1104, and 1019 cm“l; the pri­
mary bands of zinc ethyl xanthate are 1208, 1192, 1124, and 
1026 cm"*-. When the absorption bands of diethyl dixanthogen 
are compared with the absorption bands of the adsorbed col­
lector, it is apparent that dixanthogen is the species pres­
ent on the sphalerite at pH1s 6.0, 7.0, and 8.0 but not at 
pH 3.5 or pH 5.0. The spectra of the compounds present on 
the surface of the sphalerite prepared at pH 3*5 and pH 5.0 
resemble much more closely that of zinc ethyl xanthate rather 
than that of dixanthogen. At all five pH values the band at 
i01'9-1026 cm“l in both zinc xanthate and dixanthogen, previ­
ously assigned to C=S, has shifted to a higher frequency of 
about 1033 cm~*. ‘ The bands in the 'C-O-C region, 1200-1260
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cm“l , have shifted to a progressively lower frequency as the 
pH increased. Since the C-O-C assignment seems relatively 
well established, the energy of the C-O-C bond in dixanthogen 
has decreased upon adsorption. Similarly, the C=S bond has 
increased in energy.
The presence of zinc ethyl xanthate on the surface of 
the sphalerite is an interesting development since diethyl 
dixanthogen, an oxidation product of ethyl xanthate, was the 
collector used. In the discussion of sphalerite flotation, 
it was mentioned that ethyl xanthate does not adsorb effec­
tively on the sphalerite surface since zinc ethyl xanthate 
is such a relatively soluble compound. Also it was noted 
earlier that thexanthate-dixanthogen half-cell couple appears 
to be irreversible in an aqueous solution. These two facts 
lead one to believe that the existence of sine ethyl xan­
thate at the surface may be a product of the drying operation 
rather than of the adsorption process. The technique used in 
the pellet preparation was therefore changed to test the meth­
od of sample preparation. In this set of experiments the 
preparation of each sample was identical up to the drying 
operation. Directly after the solids were centrifuged and 
the water was decanted, the pellets were made. The average 
total time from the end of conditioning until the spectrum 
was begun was about 12 minutes. All of the pellets prepared 
in this fashion are referred to as wet pellets.
The infrared spectra obtained from the pellets prepared
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in the wet manner are shown in Figures 13A through l6A. The 
infrared, absorption bands extracted from these spectra are 
listed in Table 7. It is evident that the sphalerite surfaces 
prepared at pH 6.0, pH 8.5, and pH 10.0 all exhibit the same 
infrared spectra. These spectra, when compared to that of 
diethyl dixanthogen, indicate that diethyl dixanthogen is 
the collecting species at the surface. The absence of the 
C-O-C band at 1200 cm"* is taken as evidence that no zinc 
ethyl xanthate existed at the surfa.ce. The absorption bands 
listed in Table 7 at frequencies less than 500 cm“l will be 
considered later on in the discussion. In the spectra re­
corded in this set of experiments, no noticeable shifts in 
any of the bands were observed. Since this deviation from 
the dry surface preparation caused differing surface xanthate 
species to exist, it is believed that the wet method allows 
a more accurate spectrum to be obtained.
Galena- The bands characteristic of dixanthogen adsorp­
tion in the galena system, obtained from dry pellets, are 
listed in Table 8. The spectra from which the values were 
obtained are given in Figures 17A through 20A. In the galena 
system, as well as those that will fellow, not all of the 
spectra collected are shorn. A representative sample has 
been chosen for each system. For the present time the dis­
cussion will be limited again mainly to • the frequency range 
of 1 000 to 1200 Cffl”1.
The infrared spectra of the dried galena surface at all
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four pH values show three distinct bands at 1192, 1114, and 
1105 enf*-1. A comparison of these bands with those of diethyl 
dixanthogen proves that the xanthate species is not dixantho­
gen. A further comparison with the absorption bands typical 
of lead ethyl xanthate of 1 1 9 3* 1 107, and 1015 cm~* strongly 
suggests that the surface compound is indeed lead xanthate. 
The absorption bands of 1255, 1081, 1010, and 795 cnT* re­
corded for the 1 X 10“  ̂mole per liter system suggest that 
the adsorbed species is diethyl dixanthogen. This spectrum 
at the present cannot be explained; in fact it has not so 
far even been reproduced. This spectrum has been added as 
a point of interest to show that a compatible procedure for 
all the mineral systems studied must be adopted in order to 
gain meaningful data.
The galena system was also studied by using the wet 
technique for pellet preparation. The frequencies recorded 
for this system at pH ^.0, 6.0, and 8 ,5 are listed in Table 
9* These frequencies were extracted from the spectra in­
cluded in Figures 21A and 22A.
At pH 4.0, the two primary absorption bands are located 
at 1186 and 1020 cm“^ ; weaker bands, however, are found at 
1233 and 1107 cm"1, with a shoulder at 1260 cm”1-. In this 
spectrum the bands at 1186, 1 1 0 7, and 1020 cmralare character­
istic of lead ethyl xanthate. The weaker bands at 1233 and 
the shoulder at 1260 cm”1- are representative of surface di­
ethyl dixanthogen. The expected band at 1019 cm’1 has been
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obliterated by the more intense lead ethyl xanthate band in 
this frequency range.
The spectrum for the Mwet" galena pellets prepared at 
pH 6.0 has absorption bands at 1230 (weak), 1188, 1106, 1090, 
10^0, and 1008 cnr*l, itfith a shoulder at 1020 cm~l. Again, 
by comparison with Table k , this spectrum suggests the pres­
ence of both lead ethyl xanthate and diethyl dixanthogen.
The primary species on the surface is lead ethyl xanthate.
The spectrum obtained from the galena surface prepared at 
pH 8.5 deviates from the two. previously discussed. The val­
ues from Table 9 are 1270, 1230, and 1182 cm-1* with approx­
imately the same intensity recorded for the 1 2 7 0  and 1 1 8 2  
bands. This spectrum suggests a much larger proportion of 
diethyl dixanthogen relative to lead ethyl xanthate on the 
surface. A possible explanation for this deviation will be 
made later on in the discussion.
From the analysis of the infrared data, it appears that 
dixanthogen adsorption does occur in the system and also that, 
once at the surface, most of the adsorbed diethyl dixanthogen 
is reduced. The ethyl xanthate produced from this reduction 
then combines with lead, either at the surface or in the e- 
lectrical double layer, to form lead ethyl xanthate. A mech­
anism describing the dixanthogen adsorption, subsequent re­
duction, and combination with lead, will be advanced when the 
solution potential measurements are discussed.
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Chalcocite- The infrared spectra representative of a 
chalcocite surface contacted with diethyl dixanthogen and 
prepared by a dry method are shorn in Figures 23A and 2AA.
The absorption bands sppearing in these spectra are listed 
in Table 10. These bands are almost identical for all three 
pH values included. All three spectra have bands at about 
1190, 1117» 1030* and 1002 cm~l. The primary infrared ab­
sorption bands listed in Table 3 for cuprous ethyl xanthate 
are 119&* 1121, 1032, and 1008 em-1. It is concluded there­
fore that, again in the chalcocite system, the surface xan­
thate species for samples prepared by the dry method is cu­
prous ethyl xanthate and not diethyl dixanthogen.
In order to investigate the possibility that the reduc­
tion of dixanthogen may have been a function of the drying 
and not of the actual adsorption, a wet sample was prepared. 
The spectrum obtained from this experiment is shown in Fig­
ures 25A and 26A. Table 11 lists the bands obtained in this 
manner. The recorded bands of 1187, 1121, 103^, and 1008 cm~* 
correlate well with cuprous ethyl xanthate as well as with 
those of the dry pellets. From this observation it appears 
that the diethyl dixanthogen adsorbed at the surface ofchal­
cocite is completely reduced to the xanthate form, and com­
bines with cuprous ion to form cuprous ethyl xanthate during 
conditioning.
It should be noted that, in the copper system, cuprous 
ion can be oxidized by oxygen to the cupric state, which in
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turn can effect the oxidation of xanthate to dixanthogen by 
the following reaction:
C u + +  4- 2EX- = CuEX 4- §(EX)2 ( 8 )
The significance of this reaction can be seen in the fact 
that, if cupric ion exists at the surface, then dixanthogen 
should also be evident from the infrared spectrum. This in­
dicates that cuprous ion is the only form that is active at 
the surface.
It should be noted that, In the zinc, lead, and copper 
systems discussed so far, the cations present at the surface 
are not capable of reducing dixanthogen to xanthate. The re­
sponsibility for this reduction then must rest upon some other 
species at the surface. The most logical suspect would be 
surface sulfur. Since sulfur is in its reduced state, it is 
vulnerable to oxidation from both dixanthogen and oxygen.
This apparent dependence upon sulfur then supports the con­
clusions drawn from the flotation and zeta potential results.
Chalcopyrite- The chalcopyrite-dixanthogen system was 
also studied by the infrared technique. The spectra obtained 
by the dry pellet preparation are shown in Figures 27A and 28A. 
Table 12 contains a listing of the absorption bands noted for 
pH 3*5» 5.0, and 8.0. All three spectra have bands at about 
1190, 1121, and 1031 cm“*. As in the chalcocite system, the 
bands are characteristic of cuprous ethyl xanthate.
The spectrum obtained from the chalcopyrite surface con­
ditioned at pH 3 .5 , and prepared in the wet manner, is seen
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in Figures 29A and 30A. The spectrum for chalcopyrite pre­
pared at pH 8.0 is shown in Figure 31A. A listing of the ab­
sorption bands for each is included in Table 13. The surface
prepared at pH 3*5 shows bands at 1260, 1231, 1187, 111-5* 
1103, 1030, 1024, 1019 cm~l. The bands at 1260, 1231, 1103, 
and 1019 are characteristic of diethyl dixanthogen. Those 
at 1187, 1 1 1 5, and 1030 are representative of cuprous ethyl
xanthate. The band at 1024 cm-1 cannot be identified as be­
longing to either particular compound. The spectrum obtained 
from, chalcopyrite conditioned at pH 8.0 has absorption bands 
at 1232, 1184, 1090 (broad), 1032, and 1020 (shoulder). The 
band at 1232 cm~l and the shoulder at 1020 cm-1 suggest di­
ethyl dixanthogen. The bands at 1184 and 1032 cm-1 are char­
acteristic of cuprous ethyl xanthate. The broad band at 1090 
is probably due to a combination of both compounds.
The fact that both xanthate and dixanthogen are present 
on the chalcopyrite surface suggests that surface ferrous 
iron is probably being oxidized to the ferric .state and is 
oxidizing surface xanthate back to dixanthogen. This is con­
cluded by comparing the chalcopyrite system with the chalco­
cite system. The presence of ferrous iron in the chalcopy­
rite system could allow for the reduction of dixanthogen to 
xanthate. However, from the previous knowledge of the other 
sulfide systems, it seems likely that the surface sulfur is 
again involved in the reduction process.
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Pyrite- The spectra obtained from pyrite samples that 
were conditioned for varing time periods and that were "quick- 
frozen" to slow down further reactions, are presented in Fig­
ures 32k through 3^A. These bands are listed in Table 1^.
The reason for the quick freezing and the varying condition­
ing times was to help determine how fast the dixanthogen was 
being formed and how fast it was adsorbing. The shortest 
conditioning time was 15 se.conds and the longest 30 minutes. 
Potassium ethyl xanthate was added as the collector in this 
system instead of diethyl dixanthogen. The spectra recorded 
for the two time periods mentioned, and for times in between, 
were all identical: therefore, only three are presented. The 
primary bands noted in these spectra occur at 1 25 7» 1 2 3 6,
11^7, and 1022 cm'5*!. These bands coincide with those listed 
for diethyl dixanthogen in Table 3* Since ferrous ethyl xan­
thate is a relatively soluble compound, (KSp ~ 8 X 10”*®), 
from the standpoint of flotation, it would not be expected 
to be present upon the surface of pyrite. From the infrared 
results it is apparent that ferric iron is produced rapidly, 
as is dixanthogen formed and adsorbed.
The pyrite system is not very helpful in determining 
why and how the dixanthogen can be reduced at the surface, 
since the ferric ion can oxidize it so readily. The most im­
portant observation that can be made from the pyrite system 
is that dixanthogen does adsorb on the pyrite surface. This 
fact then suggests that dixanthogen probably adsorbs on all
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of the sulfide minerals as dixanthogen. In most cases it is 
reduced at the surface to xanthate and associates with the 
metal ion, if the metal xanthate formed is stable. If the 
metal xanthate is too soluble, as in the case of ferrous 
ethyl xanthate, it will dissolve, releasing the xanthate ion 
-to solution to be oxidized again by ferric iron either in 
the ionic or hydroxide state. The concept previously mention­
ed will be elaborated on In the discussion of the solution 
potential measurements.
Carbonate Minerals
The last system studied was that of siderite. It was 
chosen because it showed some collector adsorption at pH 6.0 
in the flotation experiments. Another advantage of siderite 
is that it is not as opaque to the infrared radiation as the 
sulfide minerals. The absorption bands noted in this system 
are listed in Table 15* The only xanthate species present 
on the surface is diethyl dixanthogen. From the almost per­
fect diethyl dixanthogen spectrum obtained from this system, 
the conclusion is made that the dixanthogen must be physical­
ly adsorbed. As pointed out in the flotation discussion, 
van der Waals attractions are probably the only bonds involved 
in the dixanthogen adsorption process on siderite.
Observations
Since the adsorption of dixanthogen appears to be depen­
dent upon surface sulfur, an attempt was made to learn more
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about the adsorption mechanism by observing shifts in the 
C-Q-C and C-S bands. It seems reasonable to conclude that, 
since dixanthogen appears to adsorb at sulfur sites, some 
sort of sulfur-sulfur bonding should be responsible for the 
initial surface adsorption. The two most probable sites on 
the dixanthogen molecule are at a C-S bond or at the S-S 
bond. Even if the C-S absorption band is located at either 
1260 or 1020 cm-*! , the infrared data collected is not adequate 
to propose a concrete mechanism.
No marked shifts in either band were noted during the 
infrared Investigation so, if the C=S is located at either 
1260 or 102 0 cm"*l, it would appear that this bond is not In­
volved in the adsorption process. If, on the other hand, 
the band at 1260 can be associated with the C-O-C link­
age , and it probably can, and if the band at 1020 is
characteristic of some methyl group, then no directly appli­
cable Information can be expected from a study of such bands. 
In either case, a study of this spectral range is most use­
ful only In the identification of the surface compound pres­
ent. Since the S-S bond has been tentatively assigned to the 
band at cm“  ̂ in the pure dixanthogen spectrum, the study
of this band may then be fruitful in helping to understand 
the adsorption process.
In order to study the S-S bonding region, spectra were 
obtained from the wet sulfide systems, some dry sulfide sys­
tems, and. siderite. The average frequency range considered
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was from about ^ 0  to 300 cm*^,
Dixanthogen Adsorption and the S-S Bond
Since dixanthogen will adsorb on siderite and since sid­
erite is not a sulfide mineral, it was chosen as an example 
to represent purely physically adsorbed diethyl dixanthogen* 
Figure J6k shows the spectrum of the siderite surface, pre­
pared by the dry manner, in the S-S absorption region. In dis 
cussing the S-S and metal-S regions, reference will be made 
only to the infrared spectra involved, and not to the tables 
listing the observed bands. In Figure 35A it was noted that 
the only xanthate species present on the siderite surface 
was diethyl dixanthogen. The region investigated was from 
440 to 300 cm"b Pure diethyl dixanthogen has absorption 
bands at 423 and 379 cm"^. The siderite spectrum was expects 
to be almost identical since the dixanthogen is physically 
adsorbed. As can be seen in Figure 36A, this is not the case 
The multitude of bands evident in this spectrum suggest that 
new chemical bonds may have been made in the S-S absorption 
region. A band at 423 cm~* assigned to the S-S stretching 
vibration is still evident, but apparently It has shifted to 
417-6 cm~l. The other dixanthogen band at 379 cid“ ,̂ also 
possibly S-S,Ms not evident. This band may have been split 
into the four that are evident in this region.
A definite explanation Is not available for the complex 
spectrum observed. It is probable that the S-S bonding in 
dixanthogen is very dependent upon the local environment,
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and that the surface environment with ferric hydroxide, fer­
rous iron, and carbonate all present, as well as with a lay­
ered dixanthogen structure, may cause this observed phenome­
non,
A puzzeling facet of the flotation investigation is the 
noted flotation of the iron carbonate and of the iron oxide.
Of all the carbonate minerals investigated, siderite is the 
only one floated with diethyl dixanthogen. This fact coupled 
with the noted flotation response of hematite suggests that 
iron may somehow complex with dixanthogen. If this is the 
case, dixanthogen adsorption on siderite could possibly be 
chemical rather than physical. This could help explain the 
appearance of the new absorption bands seen in the S-S re­
gion. Also if this is the case, It seems reasonable to as­
sume that the S-S site on the dixanthogen molecule is In­
volved in the complex formation and not the C=S sites. A 
complicating fact in this line of reasoning is that the pH 
region of flotation of both minerals is not the same. If 
adsorption is due to iron complexing rather than van der Waals 
attractions, it appears likely that the flotation responses 
should be more similar. Therefore, the siderite spectrum will 
be taken as a reference for physically adsorbed dixanthogen, 
even though it is not completely understood.
Some infrared spectra for sphalerite prepared by the 
wet method are shown in Figures lAA and l6A. The xanthate 
compound, on the surface of sphalerite at both pH 6.0 and 10.0
was determined previously to be diethyl dixanthogen. The 
spectrum of sphalerite at pH 10.0 appears to be very similar 
to that of siderite, whereas at pH 6.0 the intensities of the 
^23, ^17.6 and 396.6 bands are noticeably different. In both 
the sphalerite spectra, weak bands have appeared at about 
^08, ^03, 370, and 363 A rigorous discussion of these
bands is difficult since they are so weak, but it may be that 
they represent S-S coordinations between surface dixanthogen 
and surface sulfur. The other bands probably represent a 
multilayer of dixanthogen on top of a monolayer of surface 
d i xantho gen.
The S-S and Metal-S regions were also studied in the 
galena-dixanthogen system. Figure 2 0A shows the spectrum of 
a galena surface prepared at pH 5.0 with 1 X 10“3 mole per 
liter diethyl dixanthogen addition. The primary xanthate 
species on the surface was previously determined to be diethy 
dixanthogen; however, the spectrum was not typical of physi­
cally adsorbed dixanthogen. This spectrum was the only one 
of its kind obtained in the investigation and cannot be ade­
quately explained. Of interest in the S-S and Pb-S regions 
is the observation that bands occur in both regions. The 
bands at 4l8, 39&, 386, and 376 cm”  ̂ appear to be typical of 
the adsorbed diethyl dixanthogen. The weaker bands at 358,
350* '336, and 328 crn-1 possibly can be associated with a Pb-S 
bond .
The spectra of dixanthogen adsorbed on galena prepared
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by the wet method are shown in Figure 22A. At pH A.O and 6.0 
it was determined that lead ethyl xanthate was the primary 
surface species. At both pH values diethyl dixanthogen is 
present in a lesser amount. At pH 8.5 there seemed to be 
about equal amounts of dixanthogen and lead xanthate at the 
surface. As is evident from the spectra, the galena with 
primarly lead xanthate on the surface shows a preponderance 
of bands in the. Pb-S region, 370-300 cm^. In the spectra 
of the samples with more dixanthogen on the surface, more 
bands appear to be present in the S-S region, ^30-370 cm’̂ • 
Again a precise determination of the surface bonding is com­
plicated by the excessive number of bands.
Figure 27A contains the spectrum for diethyl dixantho­
gen adsorbed on a chalcocite surface and prepared by the wet 
method. Previously it was concluded that the only surface 
xanthate species present was cuprous ethyl xanthate. With 
this in mind the multitude of bands evident from 363-335  
cm~^ can probably be associated with the cuprous-sulfur bond 
generated from the adsorption process. Bands in the S-S re­
gion are apparently present but are much weaker than those 
in the Cu-S region. This suggests that differing specific 
local environments for different dixanthogen molecules may 
cause various bands.
The spectrum recorded for chalcopyrite prepared by the 
wet method at pH 3*5 is shown in Figure 30A. The xanthate 
compounds present on this chalcopyrite surface have been pre­
T-1214
viously determined to be both diethyl dixanthogen and cuprous 
ethyl xanthate. The bands noted at about 423 and 371 cm“  ̂
a r e  believed to be associated with the S-S bond of the ad­
sorbed diethyl dixanthogen. The bands at about 350 cm”l are 
probably related to the xanthate sulfur-surface cuprous 
stretching vibration. The band at 385 cm“l cannot be assign­
ed since it could belong to either bond.
The last system studied in the S-S region was that of
pyrite. Figures 33-̂  and 34A show the spectra obtained from
the pyrite surface prepared by the wet-frozen method at pH
3*5* The spectra of pyrite conditioned for 1 and 5 minutes
with potassium ethyl xanthate appear to be exactly the same,
with absorption bands appearing at 426, 401, 356* 302 cm-**
The spectrum of pyrite conditioned for 30 minutes shows bands
at 423, 374, 355» and 314 cm"-*-, The reason for the differing 
spectra cannot be readily explained. An apparent problem in 
studying the pyrite system is that the pyrite S-S bands are 
very strong, and they probably mask to some extent the sur­
face dixanthogen S-S bonding. Since the formation of surface 
iron-sulfur bonds is improbable, the bands noted at 401, 374, 
and 355 possibly all could be associated with some type
of S-S bonding.
The spectra of the metal.carbonates shown in Figures ?A 
and 8A were made to help determine whether surface carbonate 
may be involved in the dixanthogen adsorption process. From 
an analysis of the various sulfide mineral spectra, it can
101
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be concluded that carbonate is not involved in the adsorption 
process*
Solution Potential Determinations
Until very recently the full utility of solution poten­
tial measurements has not been realized in flotation. The 
chemistry of the sulfide-fdotation systems is very much de­
pendent upon the state of oxidation of the mineral's surface
as well as the state of oxidation of the collector involved.
(2,39^0)
Recent work at the Colorado School of Mines has
shown conclusively that solution potential concepts can and. 
should be employed to describe more fully sulfide~fdotation 
systems. Not only can the chemistry of the systems be de­
scribed but also a pictorial view of the system can be con-* 
structed. The construction that can be made is called an 
Eh-pH diagram. Eh refers to the solution potential in volts 
referenced against the standard-hydrogen-half cell. A rather 
complete understanding of the adsorbed xanthate species is 
possible from the flotation experiments, zeta potential meas­
urements, and surface collector adsorption determinations.
Unfortunitely, knowing what is on the surface does not pro­
vide an adequate basis for determining the chemistry involved. 
For this reason, solution potential measurements were made in 
both the flotation and infrared portions of the investigation.
Eh-pH diagrams were constructed for all of the sulfide- 
dixanthogen systems. Once the diagrams and the solution po­
tential measurements were completed, a correlation between
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the adsorbed xanthate species actually on the sulfide surface 
(from the infrared studies) and those predicted (from the Eh- 
pH diagram) could be made. The constructed Eh-pH diagrams 
are shown in Figures 21 through 2 5. The chemical equations 
used in the construction of these diagrams are presented in 
Appendix II. The actual solution potential measurements from 
the flotation systems are plotted on the diagrams.
Sphalerite System
The flotation response of.sphalerite to diethyl dixan­
thogen is shown in Figure and the infrared spectra of the 
adsorbed xanthate specied are shown in Figures 13A through 
16A. Since the sphalerite floated both above and below its 
zpc and since smithsonite could not be floated, it Is believed 
that the diethyl dixanthogen a.dsorbs on the sphalerite sur­
face at sulfur sites, enabling the reported flotation re­
sponse (note previous discussion). The infrared spectra ob­
tained by the wet method showed that the only xanthate species 
present on the surface was diethyl dixanthogen. The interpre­
tation of the infrared spectra also suggests that the bonding 
between the dixanthogen and the surface may be associated 
itfith some type of sulfur-sulfur bonding. The Eh values ob­
tained from the sphalerite flotation system are listed in 
Table 16. Also listed in Table 16 are the Eh values recorded 
from the infrared preparation. Both the sphalerite-water and 
the sphalerite-water-dixanthogen systems are listed. The so­
lution potential values of the infrared preparation were meas-
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ured to Insure that the conditions under which the infrared 
surfaces were prepared could be compared to the flotation ex­
periments. Since the infrared Eh values are representative 
of the corresponding flotation system, these values are not 
plotted on the diagram.
All of the measured solution potential values below 
pH 7*8 lie within the stability region of zinc ion and aqueous 
diethyl dixanthogen, Figure 21. Above pH 7*8 they are all 
in the stability region of zinc hydroxide and diethyl dixan- 
thogen. Therefore the predicted xanthate species causing 
flotation over the entire pH region would be aqueous diethyl 
dixanthogen. This prediction that the collector species on 
the surface should be diethyl dixanthogen rather than zinc 
ethyl xanthate is in-complete agreement with the observed 
surface dixanthogen from the infrared study. It is believed 
that the surface zinc ethj*T xanthate seen in Figure $A was 
the result of the drying process rather than the dixanthogen 
adsorption process. Therefore it appears that the aqueous 
solution chemistry used in the construction of the diagram 
is applicable to the reactions between dixanthogen and the 
surface. This observation seems to support the premise that 
aqueous solution thermodynamics can be successfully employed 
at the liquid-solid interface.
Galena System
The flotation response of galena to diethyl dixanthogen 
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spectra of the xanthate species present at the galena surface 
after dixanthogen adsorption. It has been previously con­
cluded that the primary xanthate species present on the sur­
face is lead ethyl xanthate rather than diethyl dixanthogen. 
Some dixanthogen is, however, present on the surface with the 
lead xanthate.
The observed flotation response of galena, cerussite, 
sulfidized cerussite, anglesite, and sulfidized anglesite sug­
gests that dixanthogen has an affinity only for a sulfide sur­
face. Since the galena floated very well both above and below 
its zpc, and since cerussite and anglesite did not float, it 
is evident that the adsorption of dixanthogen cannot be cor­
related with surface charge. By comparing the observed flo­
tation response of sphalerite and pyrite (neither of which 
form a stable metal xanthate) to that of galena, it is also 
apparent that dixanthogen d_oes adsorb as dixanthogen, creat­
ing some type of dixanthogen-surface bond, probably at sur­
face-sulfur sites. The appearance of lead ethyl xanthate on 
the galena surface apparently is associated with a surface 
reaction after dixanthogen adsorption. The chemistry of the 
galena-dixanthogen-water system is graphically represented 
in Figure 22.
From this figure, the solution potential values recorded 
from the flotation system, Table 17, are all located in the 
region of stability of solid lead ethyl xanthate. Essential­
ly this means that the adsorbed diethyl dixanthogen further
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reacted with the galena surface producing surface lead ethyl 
xanthate. It is believed that the reduction of the dixanthO' 
gen can be associated with the sulfur upon which it has ad­
sorbed. The chemical equations used in the preparation of 
the diagram show the dixanthogen reduction as in Equation 9. 
PbS '+ (EX)2 + = Pb(EX)g + SOg + 8H+ + 6.e~
(9)K = 1 X 10‘•27.2
Again, as in the sphalerite system, the stable surface species 
can apparently be predicted from aqueous solution thermody­
namics. The dixanthogen also noted on the galena surface 
with the lead xanthate can be attributed either to unreacted 
surface dixanthogen or physically adsorbed dixanthogen that 
is situated on the surface-lead ethyl xanthate, due to van 
dor Waals attractions. If complete system equilibrium had 
b e 0 n atta ined, its appearance could probably have been attri­
buted to the latter possibility. As in the sphalerite system, 
the dixanthogen site involved in the inital dixanthogen ad­
sorption Is probably the sulfur-sulfur bond.
Chalcoc11e Sy stem
Figure 7 shows the flotation response of chalcocite with 
diethyl dixanthogen. The solution potential values recorded 
for the flotation system and the infrared preparation are 
shown in Table 18. As concluded in the discussions of the 
sphalerite and galena systems, dixanthogen adsorbs on chalco­
cite probably at sulfur sites on the mineral surface and at 
the sul.fur-sulfur bond on the dixanthogen molecule. Again,
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as previously discussed, the chalcocite surface charge probably 
does not influence the dixanthogen adsorption, since it ad­
sorbs both above and below the zpc!s of chalcocite. The in­
frared spectrum of the xanthate species present at the chal­
cocite surface after dixanthogen adsorption is seen in Fig­
ures 26A and 27A. This indicates that cuprous ethyl xanthate 
is the only surface species present.
The solution potential values recorded for the flotation 
experiments are plotted on the chalcocite Eh-pH diagram shown 
in Figure 23. It should be noted that two lines are con- 
structed for the equilibrium between CuEX solid and Cu +
(EX)2 and Cu(0H)2 solid t (EXjg. This was done to help point 
out a probable explanation for the flotation depression noted 
at about pH 9.5. The entire diagram was calculated by assum­
ing a (EX)2 aqueous activity of 2 X 10“5; but, since adsorp­
tion has taken place, the equilibrium dixanthogen activity 
would most likely be reduced. Activities were assumed to 
be equal to concentrations. The Eh-pH diagram then indicates 
that the noted depression can probably be associated with the 
formation of surface cupric hydroxide solid. The xanthate 
species responsible for the 80-percent flotation recovery 
are most likely both cuprous ethyl xanthate and diethyl di­
xanthogen. Except for this small region, where the system 
3.ies in the Cu(0H)2 + (EX)2(aq) stability field, the predicted 
surface xanthate species would be cuprous xanthate. As in the 
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lution thermodynamics agrees remarkably well with that ob­
served in the infrared studies. The apparent validty of the 
predictions helps support the wet method of infrared pellet 
preparation.
The surface reduction of diethyl dixanthogen is repre­
sented by the following equation.
CU2S + (EX) 2 + ^H20 = 2CuEX + SOlJ + 8H+ + 6e~
(10)K = 1 0 ~ * °
This equation is similar to Equation 9» shown for the
galena system. In both, aqueous dixanthogen acts as an oxi­
dant for sulfur and is itself reduced. A possible chemical 
equation explaining the surface reaction involved is’shown in 
Equation 11.
STsur) + 3/202 + (EX)2 (aq) + H20 = 2EX” + SO? + 2H+ (11)
This general equation can be applied to all of the sulfide 
systems. It must be applied with care, however, since only 
in the favorable solution potential ranges can this reaction 
occur.
This reaction might be broken down to two in order to 
better show the role of the dixanthogen. Equations 12 and 
13 show these two reactions.
STsur) + (£X)2(aq) = S° + 2(EX~) (12)
S° + 3/202 + H2O = SO5 + 2H+ (13)
The measured solution potential values of both the lead and 
copper systems indicates that sulfur in the zero valence 
state would be unstable relative to sulfate. Since the Eh
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values are in the sulfate stability region, Equation 11 is 
presented to show the complete reaction. An interesting point 
in a model of this nature is that the surface reaction reduc­
ing the dixanthogen to xanthate is neither pH or Eh dependent.
A reaction similar to Equation 12 has been proposed by 
(4).
Gaudin for the chalcocite-dixanthogen system. This equa-
( A l , A  2 )
tion evolved from the work of Dewey . Dewey found in
his study in the dixanthogen-chalcocite system that after 
the dixanthogen reacted with the surface the only xanthate 
species extractable from this surface was cuprous xanthate. 
This observation agrees with the conclusions drawn from the 
infrared and solution potential experiments presented previ­
ously.
Chalcopyrlte System
The flotation response of chalcopyrlte to diethyl dixan­
thogen is shown in Figure 8. Since chalcopyrlte is also a 
copper mineral, its flotation response would be expected to 
be very similar to that of chalcocite. The only obvious dif­
ference is the missing region of depression at pH 9.5* As 
will be discussed later, this lack of depression can be ex­
plained from the solution potential measurements and the Eh- 
pH diagram. As has been pointed out in the other sulfide 
systems, dixanthogen most likely adsorbs on the chalcopyrlte 
surface at sulfur sites. Once on the sulfur site, the dixan­
thogen can further react with the surface, resulting in the 
formation of a surface cuprous ethyl xanthate. This latter
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reaction is of course totally dependent upon the system con­
ditions. If the solution potential value Is not in the sta­
bility region of cuprous ethyl xanthate, the surface reaction 
cannot proceed.
Figures 29A through 31A show the infrared spectra obtain­
ed from the chalcopyrite-dixanthogen system. The xanthate 
species that were determined to be on the chalcopyri te surface 
at pH 3-5 and pH 8.0 were diethyl dixanthogen and cuprous 
ethyl xanthate. A notable difference in this system from the 
other systems studied was the large amount of dixanthogen 
present relative to the amount of cuprous ethyl xanthate pres­
ent. An Eh-pH diagram, relating only the copper of this sul­
fide mineral, is given in Figure 2A. The solution potential 
values determined from the flotation system, see Table 19* 
are plotted on the Eh-pH diagram. A comparison of these so­
lution potentials against those presented for the chalcocite 
system (Table 18) and the pyrite system (Table 20) suggests 
that the magnitude of the Eh values in the chalcopyrlte sys­
tem are controlled by the iron from the mineral rather than 
by the copper. In fact, the solution potential values of 
chalcopyrite correspond almost exactly with those of the py­
rite system. Since ferrous ethyl xanthate is so soluble, 
the only xanthate species expected at the surface would be 
cuprous ethyl xanthate. All of the solution potential meas­
urements recorded from the flotation system lie in the sta­
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alone it would be predicted that the surface xanthate species 
should be cuprous ethyl xanthate.
Since the infrared studies indicated that both diethyl 
dixanthogen and cuprous xanthate are present, it appears that 
the surface iron must play some part in keeping some of the 
dixanthogen in its oxidized state. Some of this dixanthogen 
may also be physically adsorbed on a stable hydrophobic layer 
consisting of possibly both dixanthogen and cuprous xanthate. 
The Eh-pH diagram is very helpful in providing an explanation 
for the absence of any depression at pH 9.5- It can be seen 
from the diagram that the measured solution potentials never 
enter into the region of stability of cupric hydroxide, as 
was observed in the chalcocite system. Therefore no depres­
sion due to surface cupric hydroxide would be expected.
Pyrite System
Although the oyrite system is capable of making its own
(2 )
dixanthogen from xanthate , flotation response to aqueous 
diethyl dixanthogen was still obtained. The results of these 
flotation experiments are shown in Figure 5* Figure 6 con­
tains the flotation response curve of pyrite to potassium 
ethyl xanthate. The surface of the pyrite for these experi­
ments was allowed to oxidize so that a correlation between 
surface oxidation and flotation behavior might be made. It 
is believed that the early depression noted can be attributed 
to the unavailability of sulfur sites at the surface which 
are necessary to effect flotation. For this reason, special
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care was taken throughout the investigation to avoid atmos­
pheric surface oxidation and aqueous solution oxidation dur­
ing the sample preparation. Some of the results-of the in­
frared investigation are shown in Figures 32A through 3*hA.
The conclusion.drawn from these spectra was that diethyl di­
xanthogen was the only surface xanthate species.
The solution potential measurements, taken from the flo­
tation system, Table 20, are plotted on the Eh-pH diagram 
shown in Figure 2 5. Since ferrous ethyl xanthate is not a 
stable species in this system, no stability region is shown 
for it. Therefore, any flotation response noted must be at­
tributed to dixanthogen adsorption. As already mentioned, 
pyrite floats both above and below its zpc, and siderite and 
hematite apparently float only at their respective zpc*s.
From these facts it has been concluded that dixanthogen must 
adsorb preferentially at sulfur sites, probably forming some 
sulfur type bonding on the surface. The depression of pyrite 
in the basic pH region is probably due to the formation of a 
stable ferric hydroxide surface that blinds the surface sul­
fur and effectively reduces the probability of dixanthogen
adsorption.
(M,A2) (6)
Dewey , and Greenler have shown that the sulfide
surfaces are oxidized.. Their discussions of the xanthate-sul­
fide systems suggest that in xanthate and dixanthogen systems, 
sulfate and carbonate are probably introduced to solution.
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CONCLUSIONS
The scope of this investigation was originally limited 
to the study of dixanthogen adsorption with the intent of 
learning the mechanism involved in its adsorption. However, 
during the progress of the study, it was discovered that, in 
some of the sulfide systems, the adsorbed dixanthogen was not 
the predominate surface xanthate species, A wet-pellet meth­
od employed in the infrared sample preparation was found to 
apparently provide a method for obtaining the most meaning­
ful data. Solution potential measurements used in conjunc­
tion with constructed Eh-pH diagrams were found to represent 
the chemistry involved in the systems very well.
Proposed Mechanism 
The investigation has shown that dixanthogen will adsorb 
on sulfide minerals whereas it will not adsorb on carbonate, 
sulfate, or oxide minerals. Dixanthogen will, however, ad­
sorb on some minerals at their zpc*s, due most probably to 
van der Waals attractions. Zeta potential measurements show 
in the nonsulfide systems that the surface charge possessed 
by a mineral does not cause dixanthogen to adsorb. Sulfidized 
minerals are amenable to dixanthogen adsorption. These facts,
118
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coupled with the fact that the sulfide minerals float both 
above and below their respective zpc!s, strongly suggest that 
dixanthogen adsorbs at sulfur sites. This observation is fur­
ther reinforced by the fact that the solution potential meas­
urements and infrared determinations indicate that the only 
possible collecting species in the sphalerite and pyrite sys­
tems is diethyl dixanthogen. Since these minerals do float 
and since it has been shown that dipole interactions are not 
involved in the adsorption, the conclusion is that the sulfur- 
sulfur bond of dixanthogen is interacting with surface sulfur 
effecting the initial adsorption.
This type of sulfur-sulfur interaction was also sug­
gested from the infrared portion of the investigation. Dif­
ficulty in critically analyzing the spectra recorded in the 
sulfur-sulfur region was experienced, since a large number 
of new bands are present and very little interpretations are 
available, in the literature. The sulfur-sulfur stretching 
vibrations of diethyl dixanthogen were assigned to a moder-
-jate band located at ^23 cm“~ in the pure dixanthogen spectrum. 
Another band appearing at 379 may also be associated
with the S-S bonding of dixanthogen.
From the conclusions so far presented, the following 
schematic picture of dixanthogen adsorption is presente, Fig­
ure 26.
This mechanism entails, first, a collision between the 
dixanthogen molecule and a surface sulfur atom and, second,
T-1214 120
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a rearrangement of electrons to effect the addition of the 
sulfur atom to the two-membered sulfur chain. The schematic 
of the adsorption process shows the two carbon-double-bond 
sulfur sites located on the same side of the dixanthogen mol­
ecule. This arrangement is probably not indicative of the 
actual surface adsorption since the surface is actually three 
dimensional instead of two dimensional. Any hypothesis of 
the exact reaction occurring at the surface and producing 
the sulfur-surface bonding would be pure conjecture, since 
no direct data are available to corroberate it. The model 
thus presented can explain the observed results but is prob­
ably not the only possible surface configuration.
The proposed mechanism of aqueous dixanthogen adsorption 
explains how the dixanthogen probably effects a "stickey col­
lision11', but does not provide a complete picture of the end 
product obtained on some of the sulfide minerals. The end 
product of dixanthogen adsorption in the sphalerite and py­
rite systems is indeed dixanthogen; but in the galena, chal­
cocite, and chalcopyrite systems, it is the related metal 
xanthate. The following schematic representation is proposed 
to show the reduction of the adsorbed dixanthogen molecule, 
and the subsequent formation of the metal xanthate, Figure 27.
The schematic surface reaction pictured in Figure 27 is 
the same one used in the construction of the Eh-pH diagrams, 
except that the free energy of formation of the new sulfur- 
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It is believed that this free energy term would be relatively 
small and would affect the diagram very little.
An obvious omission In the pictoral representation of
the dixanthogen-adsorption mechanism is the presence of sur-
(41,42)
face oxidation. Dewey has shown that with dixanthogen
adsorption in the chalcocite system sulfate and carbonate ions 
are introduced into solution. In this model of dixanthogen 
adsorption, the surface-sulfur sites are the sites at which 
dixanthogen adsorbs. Therefore the assumption must be made 
that unoxidized sulfur sites are available for dixanthogen 
adsorption.
As is seen in Figure 27, when the dixanthogen is reduced 
at the surface to xanthate it can combine with the metal ion 
to form a stable metal xanthate. The thermodynamics of this 
can be seen in the Eh-pH representation of the system under 
consideration, If the adjacent metal site has a surface ox­
idation product of either sulfate or carbonate, the xanthate 
could then combine with the cation releasing the associated 
anion to solution. Thus the stability of the metal xanthate 
relative to either a metal sulfate or a metal carbonate is 
both Eh and pH dependent.
The mechanism of dixanthogen adsorption can be summarized 
in the following sequence of steps:
1. Aqueous dixanthogen either is formed in solution or 
is the result of an equilibrium existing between 
itself and dixanthogen oil„
2ik 12k
2. A three-membered sulfur chs-in is formed, attaching 
the dixanthogen to the surface. The existence of 
this new bonding is caused by a collision between 
the sulfur-sulfur site of dixanthogen with a sulfur 
site on the surface.
3. In the galena, chalcocite, and chalcopyrite systems, 
the new sulfur member of the chain is oxidized, 
breaks the sulfur chain in the middle, and allows 
the formation of a surface metal xanthate. This 
apparently happens only if the solution potential
Is such as to allow the metal xanthate to be the 
stable xanthate species.
In all systems, once a hydrophobic surface has been 
formed, aqueous dixanthogen can physically adsorb 
as a multilayer on the hydrophobic surface.
Comments and Future Work
(1 ,2 )
Several questions raised by previous work on pyrite 
can now be discussed in the light of the proposed mechanism 
of dixanthogen adsorption.
I. Why is a depression of pyrite flotation evident at 
about•pH 6 in the previously studied pyrite-xan- 
thate systems?
The answer to the question can be related to the 
surface properties of the mineral and to the rela­
tive solubility of the mineral, not to the lack of
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dixanthogen in the system. The Eh-pH diagram repre­
senting the pyrite system, Figure 25, shows.ferric 
hydroxide as the stable iron species above pH 3»5. 
The isoelectric point of Fe(OH)o/Q\ is listed by
m i  ;
Parks to be pH 8.5, whereas for pyrite it has
(2 )
been determined to be at pH 6.1 . Therefore, be­
low pH 6.1, both the mineral and the colloid have 
the same sign for zeta. Therefore, the colloidal 
ferric hydroxide solid would not be expected to ad­
sorb. Since the relative magnitude of the zeta po­
tential is actually a function of a statistical dis­
tribution of positive versus negative sites, some 
adsorption could be expected near the zpc of pyrite. 
This adsorption of colloidal ferric hydroxide around 
the zpc of pyrite would, in effect cause a masking 
of surface-sulfur sites, reducing the probability 
of a "stickyn dixanthogen collision, thus reducing 
its flotation recovery. Upon increasing the pH from 
6 to 8, an increase in flotation response is noted. 
This increase would be expected since both surfaces 
are approaching the same surface charge (sign), re­
sulting in a coulombic repulsion.
2. Why does the use of lime (CaO) effect the flotation 
response of pyrite?
A similar reasoning to that just employed can be ap­
plied to this Question. The reason lime is effec-
tive in the control of pH in alkaline medium is that 
it reacts with hydrogen from aqueous solution to 
form hydroxyl complexes with calcium. The primary 
calcium complex in the pH region of interest would 
be a hydrated CaOH* ion. This ion probably adsorbs 
on the pyrite surface, because of a coulombic at­
traction, and masks sulfur sites. This masking ef­
fectively reduces the probability of dixanthogen ad­
sorption, which in turn reduces the flotation re­
sponse .
The need for more work in the dixanthogen flotation sys­
tems is still evident. Continued efforts in the infrared 
studies on xanthates and dixanthogens is very much needed. 
Investigations in the following areas could provide very val­
uable data for the further elucidation of xanthate and dixan­
thogen flotation systems.
1. The same sulfide systems studied in this investiga­
tion could be studied in an inert atmosphere. This
study could be valuable in producing evidence rela­
tive to the function of oxygen in the proposed dixan 
thogen adsorption mechanism.
2. More work needs to be done in the correct and accur­
ate assignment of the absorption bands of the xan­
thate and dixanthogen spectra. Once the assignments 
have been well established, the molecular structures 
of the common xanthates and dixanthogens can be mean
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ingfully determined.
3. Another area that shows a great deal of promise is 
the study of xanthate and dixanthogen adsorption in 
the sulfur-sulfur and metal-sulfur infrared region. 
By resolving some of the problems encountered in 
this investigation, a great deal of valuable infor­
mation about surface bonding, could be obtained.
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APPENDIX I
Figures 1A through 3&A show the infrared spectra from 



























































































































































igure 5A Infrared spectra of diethyl dixanthogen (A), 






















Figure 6A: Infrared spectra of lead ethyl xanthate (A),
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Figure 9-2: Infrared spectra pf sphalerite contacted
with a 2.1? X 10""̂  mole per liter (EX)g 
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Figure 10A: Infrared spectrum of sphalerite contacted.
with a 2 .1 7 X 10"“'*' mole per liter (EX) 2 
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Figure 11A: Infrared spectrum, of sphalerite contacted
with a 2.17 X 10“t* mole per liter (EX)g 
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Figure 12A: Infrared spectrum of sphalerite contacted.
with a 2,17 X 10~^ mole per liter (EX^ 

















Figure 13A Infrared, spectrum of 
with a 2.17 X 10'"̂
ado.i cion at 0
sphalerite contacted 
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Figure 15A: Infrared spectrum of sphalerite contacted
with a 2.17 X 10~^ mole per liter (EX)2
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Figure 17A: Infrared spectra of galena contacted with a
2.17 X 10“^ mole per liter (EX)g"addition at





















Figure 18A: Infrared spectra of galena contacted with a.
2.17 X 10“^ mole per liter (EX)2 addition
at pH 6.0 (C), and 8.0 (D) (dry pellets).
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Infrared ^pectrum of galena contacted with
a 1 X 10“  ̂mole per liter (EX)g addition at

















Figure 21A; Infrared spectrum of galena contacted with
a 2*17 X 10” ' mole per liter (EX)g addition at 
pH 4.0 (A), 6.0 (B), and 8 .5 (C) (wet pellets).
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Infrared spectra of galena contacted with a 
2.17 X 10" ■ mole per liter (EX)o addition at 











Figure 23A: Infrared spectra of chalcocite contacted
with a 2 .17 X 10“ ' mole per liter addition 




















Figure 2AA; Infrared spectrum of chalcocite contacted
with a 2.17 X 10"“ ̂ mole per liter addition



















Infrared spectrum of chalcocite contacted
with a 2.17 X 10“^ mole per liter addition
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Infrared spectrum of chalcopyri.te contacted 
with a 2.17 X 10 • mole per liter addition 






Figure 28A: Infrared spectra of chalcopyrite contacted
with a 2.17 X 10“ • mole per liter addition 
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Infrared spectrum, of chalcopyrite contacted 
with a 2,1? X 10~*4 mole per liter addition 
of (EX)g at pH 3*5 (wet pellet).
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Figure 31A: Infrared spectrumj of chalcopyrite contacted
with a 2.17 X 10~*' mole per liter addition
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Figure 32A: Infrared spectra of pyrite contacted with
2 X 10“*3 M potassium ethyl xanthate at pH 3*5 
(A) 1 minute conditioning time, (B)-5 minute 







Figure 33A: Infrared spectra of pyrite contacted with
2 X 10~3 mole per liter potassium ethyl 
xanthate at pH 3*5* (A) 1 minute condition­























Infrared spectra of pyrite (B), and pyrite 
contacted with 2 X 10~3 mole per liter ad­
dition potassium ethyl xanthate at pH 3*5 
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Figure 35A: Infrared spectrum of siderite contacted
with a 2.17 X 10*^ raole per liter addition 
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The following equations were used in the construction 
of the Eh-pH diagrams shown as Figures 21 through 25*
2 H2 O = O2 (cr) Ĥ*** *t Ae“ (1A)
Eh = 1.23 - 0.059PH
Ho f ̂  = 2H+ *1 2e~ (2A)
Eh = -0.02951og(PH ) - 0.59pH
PbS(s) + (EX)2(aq) + lm2 0 = Pb(EX)2 (s) + so5  + 8 H++ 6 e~ (3A)
Eh = 0.2685 - 0.0?87pH + 0.009831og(SO]j) - 0.009831og(EX)2( )
Pb++(aq) + H20 = PbOH|aqj + H+ K = 10~ 6 , 2 (hA)
Pb(EX)2 (s) = Pb++ + (EX)2 (aq) + 2e" (5A)
Eh = 0.6202 + 0.02951og(Pb++) + 0.O2951og(EX)2 (0 j
Pb(EX)2 (s) + H20 = Pb0H+ + H+ + (EX)2 + 2e" (6A)
Eh = 0,8037 - 0.0295pH + 0.02951og(EX)2 (aq) + 0.02951og(Pb0H+ )
Pb(EX)2(s) + 2H20 = HPbOjj + (EX)2(aq) + 3H+ + 2e~ (?A)
Eh - 1.^58 - 0.0885pH + 0.0 2 9 5 1 og(HPb0 2 ) + 0.02951og(EX)? ( j
169
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PbS(s) + (2X)2 (aq) + ^H20 = Pb(EX)2(s) + HSOjJ + 7H+ + 6 e“ (8A)
Eh = 0.2^97 - 0.0688pH + 0.009831og(HS0^) - 0. 009831og(EX.)2 ( j
Cu2 S(s) + ^EX 2̂ (aq) + ^ 2 ° = 2CuSX + soi+ + 8H+ + 6e~ (9A >
Eh = 0 . 2 5 7  - 0.0787P-H + 0.009831og(S0p - 0.009831og(EX)2 , j
Cu2S(s) + (EX)2 (aq ) + 4H20 = 2CuEX + HSOjJ + ?K+ + 6 e" (10A)
Eh = 0.2382 - 0.0688pH + 0.009831og(HS0ij) - 0.009831og(EX)2 ( j
2CuEX = 2Cu++ + (EX)2 (aq) + ^e" (11A)
Eh = 0.710 + 0.01^71og(EX)2 ( > + 0.02951og(Cu++)
CU++ + 2H20 = Cu(OH)2 (g ) + 2H+ K = 6.25 X 101 8 (12A)
2 CuEX + iJ-HgO = 2 Cu (OH) g j g j + (EX)2( j + 4-H1' + ke~ (13A)
Eh = 0.9822 - 0.059pH + 0.01^751og(EX)2(a(1)
ZnS(gj + Zj-H20 + (EX)2 (aq) = Zn (EX) 2 (g ̂ + SO^ + 8 H+ + 6e" (l4A)
Eh = 0.3215 - 0.0787pH + 0.09831og(S0^) - 0.009831og(EX)2( j
ZnS(s) + EK20 = Zn++ + SO5  + 8 H+ + 8 e" (15A)
Eh = 0.33^1 - 0.059pH + 0.007371og(sojp + 0.0073?log(Zn++)
ZnS(sj + ^H20 = Zn++ + H80£ + 7 H+ + 8 e“ (16A)
Eh = 0.3153 - 0.05l6pH + 0.007371og(HS0^) + 0.007371og(Zn++)
Zn(OH)2 /g » = Zn++ + 20H“ K = 4.5 X lO" 1 7 (17 A )
Zn(EX)2(sj + 2H20 = Zn(OH)2(s) + (EX)2(aq) + 2H+ + 2 e~ (13A)
Eh = 0.717 - 0.059pH + 0.02951og(EX)2 (a j
FeS2(s) + H h2° = Fe(°H )3(s)’ + 2S04 + 19fi+ + 1 $ e ~
Eh = 0.415 - 0.075pH + 0.007871og(S0jp
Fe++ + 3H20 = Fe(0H)o(s) + 3H+ + e"
Eh = 1.058 - 0.177pH - 0.0591og(Fe++)
FeS2(s) + 8h2° = 2HS0£ + Fe++ + li+H+ + l(|e"
Eh = 0.339 - 0.059pH + 0.0084log(HS0jp + 0.00421og(Fe++)
FeS2(s) + 8H2° = 2so4 + Fe++ + l6H+ + l!ie”
Eh = 0.354 - 0.067pH + 0.0084log(S0p + 0.00421og(Fe++)
Fe++ = Fe+++ + e"
Eh = 0.771 + 0.0591og(Fe+++)/(Fe++)
(19A)
(20A)
(21 A)
(22A)
(23A)
